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PREFACE TO THE KIEST EDITION. 



The présent work has growD out of an attempt, irhile giving 
my Cheltenham pupils the expérimental détails of elec- 
tncity, to impart at the same tirae to the more intelligent 
amoDg' them consistent though elementaiy ideas of the 
theory which underlies the expeiiments. At the instance 
of friends interested in scientiBc teaching, I undertook to 
prépare from the notes I had used for my class the work 
which now issues from the press. Among such friends I must 
specially refer to my former colleague, Dr J. A. Fleming, 
who rendered me considérable assistance in arrauging the 
plan of the earlier portions of the work. 

Geometrical as distînguished from analytical niethods 
hâve been employed, aud altliough a lai^ proportion of 
the propositions involve the ideas of the Doctrine of Limita, 
the use of the notation of the Calculne has been avoided. 
A compétent knowledge of Calculas îs rare among school- 
boys, and esperience as a teacber bas sbewn tbat a geome- 
trical investigation often gives a grasp of the method where 
an analytical one would give only the resuit. 

The foundation of the method employed is really the 
conception of Lines of Force, so largely used by Faraday 
in his researches as a means of exhibiting witbout matbe* 
matical symbols the quantitative relations of a âeld of 
force ; relations, which assume at once a nuraerical expres- 
sion by help of Prof. Stokes' beautiful theorem given in 
the 5th and 6th Propositions of the second Chapter. 

I must take this opportunity of acknowledging the debt 
I (in common with ail modem students of Eleotricity) 
owe to the writings of Sir W. Thomson, Prof. Clerk Maxwell, 
and M. Wiedemann, which I hâve consulted at every step 
In addition to thèse, I bave derived profit from a large 
number of miscellaneoua papers. Références to results ob- 
talned from thèse may hâve tbrough oversight been omitted, 
and for such omissions I must crave indulgence. 

918267' 



I hâve olso to record my personal thanks to Rev. T. N. 
HutchiDson of Rugby, and to W. J. Lewia, Esq. of the 
British Muséum, tvEo bave read througb the whole work ia 
course of préparation, and bave afforded me throughout 
many valuable suggestions and criticisms. 

My spécial thanka are also due to my friend aiid former 
pupil, H. W, Reynolds, Esq„ I.C.S., who bas devoted a large 
amount of valuable time to correcting with me the proofe and 
testing the examples. I owe largely to bis care and accuracy 
euch measure of freedom as I may enjoy irom typographical 
and other errors. I can bardly hope to bave escaped from 
Buch accidents entirely, and shall be thankful to students 
who will seud me a note of any which occur in the course of 
their reading. 

LINN^US CCMMING. 

BvQBT, ffmsemher 1, I8T6> 



In the préparation of tbe second édition for the press, care 
bas been taken first to ehmînate errors, and secondly to 
Bupply additional matter wherever the autbor bas notîced 
tbat further espl&nation of principles was rcquired to présent 
the subject in a clear Hght to pupils. With this view some 
of tbe early cbapters bave been iargely rewritten, but ivitbout 
any material altération of arrangement. Fresh propositions 
hâve been added on the method of Electrical images and 
some of its simpler extensions, as well as on Magnetization, 
by which it is hoped that the usefulness of the book has 
been increased. 

L. C. 
BcGBT, Novetaber 1, 1879. 



The chief altérations in the third édition are that Chap. i. 
bas been largely rewritten aod a chapter on Therrao- 
electricity has oeen supplied. Many frienda in England and 
America hâve sent me notes of errata and obscurities, of 
which I bave made use and for whicb I am grateful. 

Kdqbï, Oetober 1, 1885. D,<,i,îf<invt>_n(Hiyk- 
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PHTSICAL UNITS. 

1. The measurement ot ail physîcal quantities dépends 
ultimately on the units of space, time, and inass. 

In England the units are generaJIy the foot, second, and 
pound; but we BhaJl adopt the centimètre, gramme, and 
second (c. Q, S.) System, which is now almost universally 
used for scientific purposes. 

2. Def. I. Velocitt is the rate of motion af a hody, and 

if unifomi is ineasured hy the number of centimètres passed 
over per second; if variable it is measured, at any instant, 
hy the number of centimètres which would be passed over per 
second supposing the vdocity unif}rm during that second, and 
of the same value as at the instant under considération. 

It wiU be seen from the above définition, that velocîty 
is a property of a body at any given instant, and not neces- 
sarily the same during a finite interval, Thus when we speak 
of a train as goîng thirty miles an hour, we do not mean to 
say that it bas gone thirty miles in the past hour, or that it 
will go thirty miles in the next hour; but that supposîng the 
velocîty to repaain uniform, it would go thirty miles during 
that time. 

The unît of velocity is the velocity of a body which goes 
over one centimètre per second. 

If a body moving uniformly with velocity v pass over 
a space s in time t, the relation between thèse quantities 
is clearly expressed by the formula 

a = vt (i). 

c. B. C,ooyl«: 



2 PHYSICAL UNITS. 

3. We may cfuLveniently hère conàder tbe motion of a 

'Itejty in -wliich : two velocities are impressed îa différent 

<Arectioils as' in tîie etfse of a man who walks with uniform 

. ;yEkiqj^: ftïirii^ a^rfiîyway carnage which is moving uniformly. 

'Slppôséï'ig." ^î); Ai to represent the distaoce which the 

pjg ]_ railway carnage goes in one second and 

let ^C be the distance and direction 

across the carnage in which the man 

walks in one second. During the 

second in which he nalks, the Une AG 

is carried bodily forward into the posi- 

*^ " tion BB, and the man by the end of 

the second reaches D. Since the motion is uniform he would 

at each &action of the second occupy a con'espondÎDg place 

on the line AD, and it is clear that he has during the second 

gone along the line AD with uniform velocity, and AD is 

tberefore the measure of his velocity. Thls illustration shows 

that when a hody has two velocities in différent directions 

impressed on it, the résultant motion is found by drawing the 

diagonal of a parallelogram of which the impressed velocities 

are adjacent sidea. AB, AC are spoken of as component 

velocities, and AD as the résultant velocity. 

*- Def. II. ACCELERATION îs the rate of change of velo- 
city, and is measured, wken uniform, btf the number of unita 
of velocity added on to a hody a motion per secmid. Wken 
variable it is measured at any instant hy the number of units 
of veîotnty which would be added on per second, siipposing the 
accélération constant, and of the saine value as at tlie instant 
under considération. 

Like velocity, accélération is a property of a body at 
a particular instant, not necessarily continuiug the same 
through a finite interval. It is the measure of the body's 
quickening at that instant. 

The unit of accélération is the accélération of a body 
Tvhose velocity increases by a unit of velocity per second 
If a body be moving under a uniform accélération / through 
a tirae (, and if V be the initial velocity, and v the velocity 
at the end of the time t, then 

'-^+fi ftw-lc-W- 



PHYSICAL UNITS. 3 

The "be^ illustration of a unifonn accélération is tba 
motion of a body near the earth'8 surface. In this case it 
is proved by experiment that the accélération due to tbe 
earth at the sea level is represented nuraerically by 981 (at 
Paris). Thus a body ^ing to the earth bas itA velocity 
inoeased each secona by 981 centimètres per secoDd. This 
does not mean that the bodydescribe» 981 centïmetreB in the 
second, or even describes 981 centimètres lèse in one second 
tban in the nezt, but that if, for instance, the body is pro- 
jected downwards with a velocity of 100 centimètres per 
second, it will hâve at the end of the firat second a velocity 
of 1081 centimètres per second, at tbe end of the second 
second its velocity will be 2062 centimètres per second, and 
w on during each second of the motion, 

RetardaJrioD is treated as négative accélération. If for 
instance a body be projected upwards, its velocity is dimî- 
nished by 981 cm. per second each second, and generally 
if/represent tbe retardation, oor formula (ii) becomes 

'-r-ft (ii'). 

If the resulting velocity should be négative it will de- 
note that tbe body is moving with a certain velocity in the 
direction opposite to that of projection. 

5. To find the space descrîbed diiring a given tîme ( 
by a body moving with unifonn accélération, we may con- 
àder that since the accélération is uniform, the average 
velocUy diiring the interval will be the same as the velocity 
at tbe middle of the interval, and this will clearly be F + ^fi. 
The space described will be the same as that due to this 
velocity during the time (. Hence, by formula (i), 

^vt+ye (ui), 

or if the accélération is négative, 

s=vt-i!f& (iii% 

Combining (ii) and (iii) by algebra, we bave from (ii) 
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or ■ tr*.P+2F/î+/V 

-F' + 2/(ri! + i/î?), 

from (ui) ~V* + 2fs 

Similarly, fiom (iî' ) and (iii'), 

t>*=F'-2/3 (wy 

6. The space described may al&o be illustrated grapbi- 
cally by a method wbich wiU be of fréquent use. 



..(w). 




Set ofF along a horizontal lîue AB equal lengths Aa, ab, 
bc, &c., representing short intervais into wbich the whole 
time AB of the motion of the body eau be divided, raise 
at A, a, b, &c. straigbt liues (called ordinales) perpendicular 
to AB, and of such lengths as to represent on a certain scale 
the velocities of the body at the end of each interval, Let 
thèse lines be AA^, aa,, bb^...pp , qq^, rr^...BB^, then draw- 
ÎDg a System of complète parallelograms ^^5',, q^^, »*,s,,,.&c., 
the space described during the small interval of time pq will 
be representeil numerically by something between pq xpp^ 
and pq X qq,, or by some area between p^q and p^q ; since 
qq, represeuts the velocity at the beginning of the interval 
and pp, the velocity at the end. The wbole space described 
■will be intermediate between the sum of ail the parallelo- 
grams pjj, g r, r,s, &c,, and the sura of ail the parallelograms 
PiQ' 1^' ^1*' "'^- '^he différence of thèse two sums is clearly 
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2. parallelogram wbose beight is BB and base one of the 
iotervals pq, and therefore equals BB^ x pq, and if the 
intervals are suflicieQtly small tbis différence is indeânîtely 
srûall, and each of the sums becomes the saine as the whole 
area A^ABB^, and tbis therefore mil represent the wholo 
space described, Sinee the accélération is uniform, the in- 
crements of velocitj are the same for the Bame incréments 
of time, and consequently by Eue vi, Prop. ii. the line A^B^ 
ia astraight line,also AA^= F,andfi5,= F+_/î,and AB = t. 
Hence the area of the trapezium 

= ^(AA^ + BB,)AB 

= h{V+V+/t}t 

which i^eea with our formula (iiï). 

It must be carefuUy noted that the area A^ABB, bas no 
actual relation to the space described beyond the numerical 
une hère represented Thiis if seconds he represented by 
centimètres along AB, and units of velocity by centimètres 
perpendicular to AB, then the number of square centimètres 
enclosed by the lines AA^, BB^, AB, A^B^ represents nume- 
rically the number of units of space paased over by t^ body 
in the time AB. 

When in future we mabe use of tbis graiphical repre- 
sentation of a formula, we shall indicate îts construction by 
lajing that abacissœ, or distances set off along a horizontal 
line such as AB, are to be taken to represent the number of 
units in one magnitude, and ordinates or lines perpendicular, 
to represent some other co-related m^nitude ; and &om the 
nature of the figure so formed, we shtdl deduce by geometry 
variûus relations. 

7. Def. III, Density, Matter is thaiin virtue of which 
and ihrough which ail forces act, and ia itself as incapable 
of définition as space and time. We however require a formula 
(o express the ammint of matter in any given volume. This 
dépends on the substance, and the density of a given substance 
is defined as the amount of matter in a unit of volume. 
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HeDce if Jf is the amount of matter in a body, I> the 
densitj, and F the volume, 

M=liY (v). 

M is generally called the laosa of the body. 

Our unit of mass is arbitraiy, and can be most (x>ii- 
veniently expressed as the unit vohime of some standard 
substance. The unit of volume must be the cube of the 
linear unit, viz. a cubic centimètre. The standard substance 
is water at its maximum dcnsity, i.e. at a température of 
4° Cent. The unit of masa will thus be a cubîc centimètre 
of distilled water at 4° Cent. This mass is called the gramme, 
and is the basis of the French system of Tve^hts. 

When we speak of a partîcle of matter, we raean a mass 
of matter which can be acted on by forces, but which in its 
geometrical relations can he treated as a point. 

8. DeP. IV. MOMENTUM OR QtJANTITT OF MOTION %S 
defined by the prodvict of the mass of a body into the velocity 
vnth which it is moving. 

Unit of Momentum is the momentum of unit mass 
moving with unit velocity. 

Siuce the momentum of a given body is proportïonal to 
its velocity we can résolve and compound momenta by the 
parallelogram law, as explained above for velocities. 

9, Def. V. FOBCE 18 defined as that which changes 
or tends to change a body's state of rest or motion, and any 
given. Force may be measwred by the change of motion it 
•produces per unit time. 

Thus a unît force is that which imparts to a gramme a 
unit accélération, and is called a dyne. 



10. The science of Physics is founded upoa certain ei- 
perimental truths, which were first given concisely by Newton. 
They are called the Laws of Motion, and we will give them 
simply translating Newton's own words, and adding explana- 
tions chieây derived from his own schoUa or commenta on 
thèse Uws. 

II. i-.<i",G(Hinlc 
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Law I. Mverjf hodif con^nues in ita state of rett or oj 
vniform motion in a atraight liTte, ftvcept in eo far as it may 
be compeUed by impreeaed forces to change that atate. 

This is oÂen called the law of iDertia of Matter, ex- 
pressiDg that matter has no tendency to move without the 
application of force. It is impossible to establish it experi- 
mentally, a& every body in the universe is moving, and sub- 
ject to a great compîexity of forces. We may, however. 
establish relative rest, as of a body resting on a horizontal 
plane, and we moreover observe not only that it never sets 
itself in motion, but that when the body is started the 
amootlier the plane the more slowly is tbe velocity di- 
minished. 

Thia law indicates tbe convention universally adopted for 
the measurement of time, namely by the motion through 
equal spaces of a body acted on by no extemal forces. This 
condition is most nearly fulfilled by the earth in respect of 
ils rotation on its own axis ; when the angular motion is 
unifonn, and is always taken as the practical means of 
measuring time, 

11. Law II. Change of motion is proportional to the 
impreased force, and takes place in the direction of the atraight 
Une in which the force acta. 

Newton in this law says nothing about the state of rest 
or motion of the body on which the force acts. Hence if the 
body 13 aiready moving in tbe direction of the force's action 
tiie change in motion is simply added to the already existing 
motion. If the motion be not in the same direction as tbe 
force the change in motion is compounded with the already 
eiisting motion according to the parallelogram law. 

Thia is sfaown expenmentally by dropping n. atone from 
the mast-head of a shïp which is moving uniformly. The 
stone is found to fall at the foot of the mast, both in the 
same time, and in the same position, as if the ship had been 
at rest ; the pull of gravity on the stone not being inter- 
fered with by its own uniform horizontal motion, which was 
necessarily tiiat of the ship at the moment it was dropped. 

12, Newton again says nothing about there being only 
one force octing, and we conclude that if several forces aie 
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actîng we may compound the change of motion due to each 
of them just as we bave sbown above we cim compound 
motions themselvea or by the Parallelogram Law. 

Thus if AB, AC measure the 
Diomenta which two forces actîng 
in the directions AB, AC would if 
tbey acted separately impress on 
the body: the résultant momen- 
tum will be represented by the 
diagonal AD of the paralleli^am 
of which AB, A are adjacent sides. 

This shows us that velocities, accélérations, momenta and 
forces can ail be compounded according to the Parallelogram 
Law, also any of thèse physical quantities can by the same 
law be resolved into components in any two g^ven directions. 

13. The first law gives us the condition of unchanged 
motion and this second law the relation between the impressed 
force and the change of motion it produces, Thus if unit 
force produce in a gramme unit accélération, two units of force 
produce two units of accélération, and generally f unita of 
force générale in a gramme/unita of accélération. Again, 
conceive a mass of m grammes. Let it be eut up into m 
separate masses each of one gramme, and let _/ units of force 
be applied to each of them. Tbey will move on side by side, 
each having/unitsof accélération. Let them be now joined 
so as to form one mass. The wkole force acting on it now is 
m/ units of force, and the accélération produced in the mass 
m. is/. In other words, the measure of Force is the product 
of the mass moved into the accélération impressed on it, or, 
as it is usually written, 

P = mf. 

In this formula we observe tbat/the accélération is the 
rate of change in the velocity (Art. 6), and mf is therefore 
the rate of change in the product of mass into velocity or the 
rate of change of the momentura of the body. Hence the 
gênerai statement may be made that the measure of a force 
acting on a body is the rate of change it causes iu the body's 
momentum. 
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14. Suppose S. to represeot a velocity, momentum or 
force actÏDg along AD (lig. 3), and we require to résolve it 
along AB, A G, if we set oÉf any leDgth AD, and complète 
tbe parallelogram ABOD, then it is clear that AB, AG bear 
the same numerical relation to tbe components that AD 

does to R. Hence the components are -jy: R along AB = X, 

suppose, 

and '~R&longAG=Y, 

or ~Ra\ongAC=Y; 

where ABD is a triangle whose sidea are proportional to 
the quantity and its components. Sîmilarly, if we draw any 
other triangle whose sides are parallel to AD, AB, AO, 
tbe qtiantity and its components will be proportional to its 

sides also. 

If AB, AG he B,t nght angles to each otber, and a the 
angle between AD and AB, then 



JÏ"=.Bco8a, 



In Fig. 3, if the direction of R be reversed, the three 
components X, Y, — R form a System in equilibrium, each 
being equal and opposite to tbe résultant of the other two. 
Tbe directions of X, Y, ~ R will be parallel to the sides of 
the triangle ABD taken in order, X acting in direction AB, 
Y in direction SD, and R in direction DA. Hence it 
follows that if there be acting on a particle three forces 
which are parallel in direction and proportional in mag- 
nitude to the sides of any given triangle, they shall be in 
equilibrium. Tbis proposition is known as the triangle of 
forces. And it is obvions that there is a corresponding 
triangle of velocities, accélérations, and momenta, 

15. Of the nature of Force are ail weights, pressures, 
tensions of strings, attractions and repulsions between bodies. 
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It will be coDveDÎent to express the unit Force in tenus 
of our standard weight. That taken as the ordînary standard 
is the weight of a gramme at the sea-lerel in the latitude 
of Paris. New it is known by experiment that in this 
latitude the accélération of a falling body is 981. Hence 
the unit of weight is a gramme uuder 931 units of accéléra- 
tion. Therefore a unit of Force = ^-^ of the weight of a 
gramme. 

In future, weights will be measured in grammes and con- 
verted into absolute units of force by multiplication by 981. 
If a weight be given as w grammes the meosure of it in 
units of force is 9Slw. 

16. Law m. To every action there is an equal and 
opposite reaction ; or the miitual ociiOTis of any two bodies 
are always equal and oppositely directed. 

This expresses the fact that when a body ïs preased, it 
presses bacÉ with an equal force. 

If for example I press my finger on the table, the table 
presses my finger back with the same force with which I 

Eréss the table. If a horse tow a boat along a canal the 
orse ia dragged back with exactly the force it uses to drag 
the boat forward. 

This law shows that the forces betweeu two bodies, or 
parts of the same body, consist of pairs of equal forces acting 
aloi^ straight Unes ia opposite directions. Taking such a 
pair of forces ^on a body A and — ^ on a body B; which 
may either be action and reaction along the Une joiuing the 
bodies, or thèse resolved in auy given direction ; thea F and 
— F measure at any instant the rates of change of Momentum 
of the respective bodies along this direction. The quantities 
of momentum imparted to the two bodies during any short 
interval ( will be Ft and — Ft, so that if the momenta at first 
along this line were Mj, Mb, after the time t during which 
this force i^has been in action the momenta will be 

Ma + Ft and Mb - Ft, 
and therefore the total momentum of the two bodies in this 
direction remaina unchanged. And since what is true for 
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each sucli iutervfd will be true ior the Buiu of an^ nuraber of 
such iotervala, it foUows that duriag any finite time the Bum 
of the motnenta of two bodies in auy giveik direction la 
constEiDt, the efifect of action and réaction being an ezchange 
of momentum between the bodies and not absolute loBs or 
gain. 

Thb priociple ia applicable to tbe case of impact or 
friction between two free bodies, but we must be careful not 
to apply it in the case of impact or friction against the 
Earth, since we are unable to measure the change in the 
Earth's momentum owing to the friction or impact. 

17. Newton adds to the Third Law of Motion tbis im> 
portant scholium. 

"I/the Action o/an agent be measured hy its amownt and 
veîocity conjointly : and if sîmilarly, the Reaction of tke ré- 
sistance be -measured by the amounts of its eeveral parts and 
tkeir several velocities conjointly whetfi^ they arisefrom fric- 
tion, cohésion, weight or accélération; Action and Réaction, 
in aU cominnatioTis of machines, will be equal and opposite." 

Newton conceives the System of bodiea (or corabination 
of machines) in motion, the point of application of each force 
having a certain veîocity. If this veîocity of the point of 
application be reaolved along the direction of the force its 
component (as he explains elsewhere) is the veîocity of the 
force : and the measure of this veîocity multiplied into the 
measure of the foi-ce gives the "Action." This action is 
simply the rate at which the force worka, for which Watt 
afterwards invented the unit of the horse-powcr, which re- 
preaeuts the rate of work of an agent which raisea 33000 Ibs. 
i^nst gravity one foot per minute, or in other worda which 
moves 33000 ibs. against gravity with the veîocity of one 
foot per minute, Newton's statement therefore tella ua that 
when a system of forces acts on a material Bystem without 
causing acceiei'ation (i.e. when the systera is in equilibrium) 
the sum of the rates at which ail the forces are working must 
be zéro. In Computing the rates those muât be counted aa 
U^;ative in which the veîocity of the force ia in an opposite 
direction to the force, aa when a weigbt is lifted airains» 
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gravity. This Is the well-known prÎDciple îd Mechanîcs that 
" what îâ gained in power is lost in time." 

18. Neit we notice that velocitîea are proportional to 
tbe spacea described during the same veiy short interval. If 
therefore a smali displacement be inade consistently with 
the geometrical relations, the velocities of the points of 
application are simply proportional to their respective dia- 
placements, and the resolved parts of the displacements wîll 
be proportional to the velocities of the forces. The product 
of the force into this resolved displacement is obviously the 
work done during the displacement counted positive when 
the displacement is concurrent with the force and négative 
when opposed to it, The products are -what are called in 
Mechanica the Virtual Moments of the Forces and Newton's 
principle is the Principle of Virtual Velocities. 

If ail the forces remain in the aame direction during 
a finite displacement, we may still apply the principle which 
then becomes the " principle of work" in Mechanica. 

19. Again, if tbe small displacement be a rotation about a 
given line and the force acts in the plane of the displacement, 
we may assume its point of application shifted to the foot of 
the perpendicular on ita line of action drawn from the axis. 
AU points in the System witl be displaced tbrough the same 
small angle, 0, suppose, and if p be the length of the per- 
pendicular on the force's line of action, p6 will be the small 
displacement whoae direction coïncides with the line of 
action. Hùnce the "action" of the force will be proportional 
to ± Fpô where F measures the force, takîng the + sigu 
when the force is in the direction of the displacement, and 
the — sign when in the opposite direction. Thus if we hâve 
a séries of forces F,, i", . . . and p y, - - . be tbe perpendiculars 
on their lines of action. Newton s principle givea us 

F^pfi + F^^0+ =0, 

.-. F^p^ +^,î', + =0, 

wbich ia the principle of moments in Mechanica. 

20. Def. VI. WoEK may be defined as résistance over- 
come tkrougk spaoe. 
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Ko work is done in moving a body perpeni^cular to the 
Résultant force actîng on it. A body under gravity only 
could be moved borizontaHy forward without the exercise of 
any force, and if once started would move on a smcoib level 
surface unifonnly for ever. In Computing the work done 
during any given movement we muât take account only of 
the component of tbe force along the direction of motion of 
its point of application. 

Thus if a body be carried from one position to another 
agaiost a force, such as a weight raised, a certain amount of 
muscular or other power raust be expended. This work is 
measured, when the accélération is uniform, by the mass 
moved into the accélération against wbich ît is moved into 
the space through which it is moved. If W be the work 
expended in moving a mass m, against au accélération /, 
through a space s, we bave 

W=mfs (viii). 

Tbe unit of work will be done in moving a gramme 
through a centimètre i^^nst a unit of accélération, and is 
called an erg. The ordinary English unit of work is the 
ibot-pound, being the work done in raising a pound through 
afoot. 

jRate of work is the number of ergs done per second by 
any machine. 

The English standard of working power is the "horae- 
power," defiued as 33000 foot-pounds per minute, 

To couvert this into ergs we bave only to remember that 
1 centimètre = "3937079 inch, 
1 gramme = 15*43235 grains. 



1 Ib. Avoirdupois = 7000 grains Troy, 
7000 
= 15-43235 S™^- ,,,„.„„,Gooylc 



14 PHTSiciL mures: 

12 X 7000 
ITierefore 1 foot-po„«d . 15.4383^ x -3937070 "'-^'- 
whieh, remembering that gravity = 981 vinits of accélération, 
becomes 

12 X 7QQ0 X 981 
" 1543235 X -3937079 ^^^ 
Therefore odc horse-power 

= 33000 foot-pounda per 1', 
33000 , 



60 
33000 X 12 



foot-pounds per 1", 



60 X 1543235 x 3937079 
= 7460 millioQ ergs per 1" nearly. 

21, Def. VII. Moment of a Force. The moment of a 
force abottt a given point is defined as the product of the force 
into the perperidicular from the given point on to the Une of 
action of the force. 

The moment of a force thua defined measures the tend- 
ency of a force to tum a body about a given point as axis. 
And it is obvious that when the forces on a body balance 
each other, the sum of the tendencies of ail forces which 
twist it in one direction must exactly balance the tendencies 
of ail forces twisting it in the opposite direction (Art. 19). 

22. Def. VIII. Couple. Two forces which are equal 
in magnitude and parallel, acting in opposite directions, bvi 
not in the same straight Une, are termed a couple. 

^'8- *■ It is clear tbat, if we take any 

point (fig. 4) in the plane of the 
forces, and from it draw a per- 
pendicular Oab to the two forces, 
the di£Ference between their mo- 
ments about is always P . Ob 
-P.Oa = P.ah. Thua either 
^ force multiplied by the perpen- 
diciilar distance between the forces 
is called the raoment of the couple, 
and measures the tendency of the 
couple to twist the body round. 
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FroiQ thia it follows, that do single force cao balaDce 
a couple. For if possible suppose it to be balanced by 
any force. Then choosiag a point in tho liDe of the force, 
ita momeat about vantsbes, and tbere remaina the moment 
^.ah unbalanced (Art. 19). 

23. Bemembering that the action of an agent is pro- 
portional to the work done by the agent during a given 
dîsplacement Newton's principle shows that work done on 
a System of bodies has its équivalent in work done agaiust 
gravity as in raising a weight, i^ainst molecular forces 
as in compressing a spring or against friction, if there be 
no accélération: but if tbere be accélération some of the 
work done may be done against the résistance of the body 
to accélération. To measure this latter part, let us assume 
that a particle of masa m when displacwi throiigh a space 
s receives an accélération whose measure is /, the displace- 
ment being assumed resolved in the direction oi f. Then 
the résistance must be measured by mfs. Now if V be the 
veiocity at the beginning and v at the end of the space s, 
resolved along the direction of the accélération, we bave 
shonn (Art. 6) 

.'. mfs =\w.^ — \m.V*. 

If the motion be not in the direction of the accélération 
the veiocity wiil hâve at each end a component w at right 
angles to the direction of motion. The total velocities will 
tien be V f'' + «' at first aod -s/u' + u" at last and 

i m (i;" + w") - J m { F' + «') = 5 THD* - J îK F" = m/s. 

Tbis proves that if we compute at each successive point 
in the body's motion the product of one half the mass 
ioto the square of veiocity, the work done agaiust accélé- 
ration from point to point is measured by the change in 
Ihis product. The name given to this physical quantity is 
Kinetic Energy. 
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24. Def. IX, KiNETic Enebqt is defined as half tke 
product of tJie masa into the square of tke velodty of a body. 

If a body of mase m be raised agaînst gravity to a height 
h an amount of work whose measure is mgs has beeii sk- 
pended oq tbe body. If the stone be allowed to fell freely 
back again it wîll od Tetuming to its initial position bave an 
amoiint of kioetic energy whicb the équation \iKiy' = ntgh 
proves to be numerically equal to the work expended in 
raiaing the body. The body in the higher position bad 
therefore in virtue of the work expended upon it an ad- 
vantage in respect of energy over the aame body at the lower 
level, in that it had a capacity for acquiring kinetic energy 
by simply allowing gravity to act upon it. This kind of 
energy is called Potential Energy, 

25. Taking the case of a bail projected upwards with 
velocity Y. If the velocîty be v when the bail has risen 
through a space s, we hâve by Art. 23, 

i m F' — i mv' = mgs ; 

or JniF'= i mv' + mgs. 

Hère we see that at the moment of projection the body had 
kinetic energy measured by ^mV, and that throughout the 
whole subséquent motion the kinetic energy (J mu") is less 
than that at the beginning of tbe motion by mgs or the 
weigbt of the body multiplied by the space through whicb it 
is raised; but this is tbe work done in raisîng the body 
through space s, and is the measure of the potential eneiw 
of the botly. Hence the above équation is a statement of the 
fact that the sum of the Potential and Kinetic Energy of the 
body remains the eame during the whole motion. As the 
body rises it is losing kinetic and gaining potential energy, 
when it has reached its highost point ita whole energy is 
converted into potential eBergy, when it begins to descend 
^ain, it gains during descent, kinetic at the espense of its 
potential energy, until on its retum to the point of projection 
it has the same kinetic energy aa at starting, thougb its 
velocity is in the opposite direction. 

26. In the case of a pendulura tbe same principle 
holds good. The original impact by whicb tbe pendulum 
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ia 8tart«d coQUUunicates to It kinetic enei^, and the bob 
cornes to rest when the poteDtial energy due to its rise is 
équivalent to tbe kinetic energy imparted, 

Thu3, if a pendulum bob of mass m be started with a 
velocity V at A, and if on reaching B the ^^^ s_ 

veJocity 13 destroyed, then, if through B a 
Une BN be drawn liorizontally, the bob haa 
been lifted through AN. 

:. mgAN = ^mV*, 
nbere g dénotes the accélération due to the 
attraction of tbe earth on the bob. 
But AN=l{\-cose) 

= 2i8in'|, 
vhere l = length of pendulum ; 

.-. mg2lsiQ'^ = imV; 
.-. P = %Bin'|; 

r=8in|7i^. 

mV = m Jéflg sin-â • 

HBnce with a given pendulum the momentum at starting 
13 proportional to the eine of J of the whole angle of swing, 
or to the chord of half the arc of swing. 

But mV measures tbe blow by which the pendulum waa 
started. Hence in any case of an instantaneous force ap- 
plied to a pendulum, we shall assume the blow is proportional 
to the sine of half the angle of deflection, This is called the 
principie of the ballistic pendulum. 

The same principie will be appUed further on to a 
m^net swinging in a uniform Ëeld. 

27. Other instances of Potential enerçy are a compresaed 
spring where work bas been done t^ainst molecular forces in 
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compression, suct that on rebound the spring acquires tbe 
Rame amount of energy of the kiaetic kind, as was espetuied 
in compressing it. Wheo work is expended in heating a 
body it was considered by Newton and long after hia time 
that Work was absolutely lost, as in the case of friction. Dr 
Joule's expérimenta hâve now sbown that there is a strict 
équivalence between tbe amount of work expended and the 
amount of beat gained, and that wbere beat is used to do 
mecbanical work tbere is the same équivalence between the 
beat put out of existence and tbe mechanîcal work gained 
Tbua we are now compelled to regard beat as itaelf a form of 
energy obejing tbe same laws as ottier kinds of energy. As 
it ia probable that Heat is to be regarded as a kind of motion 
amoQgst the molécules of the body it ia a variety of Kinetic 
energy. In cbemical dissociation we hâve also an instance of 
Potential energy as in the éléments of g\inpowder, or dyna- 
mite, or in the fuel of a fire and the oxygen of the air, in al! 
of which a large amount of energy may be obtained by an 
expenditure of an indefinitely small amount as in loosening 
the detent of the trigger in a gun or putting a match to the 
fuel in tbe fire. Electrical séparations aud electrical currents 
we shall afterwards see to be also illustrations of potential 
energy obeying the same laws. 

28. Def, X. Energy. Energy is defined to be capacttj/ 
for doing work, and may.be eitlier (1) Kinetic, when the body 
ia in ahsolute motion, or (2) Potential, when the hody in tiirtue 
of work done upon it, kas acquired a position of advantage, so 
that work can at any time be recovered from it, by the return 
of tke body to its old position. 

Taking thèse vîews we now state Newton's scholium : — 
Where work is done on a System of bodies it bas its équiva- 
lent either in Kinetic energy of the System or in work done 
either (1) against gravity as in raising a weight, (2) against 
molecular forces aà in compressing a apring, performing a 
chemical dissociation, making an electrical séparation or an 
electrical current, (3) against friction in which we obtain an 
équivalent amount of heat--itself a form of Kinetic energy. 

If no work is done on the aystem, there can be no gain 
or loss of enei^y in the System, the forces between différent 
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parts of iiie System merely developing Klnetic at the expense 
of PoteDtîal energy or vice versa 

Thu3 in any material System acted on by no extemal forces 
we hâve two absolute constants, its amount of matter and its 
araount of energy, neither of which can be increased or dimi- 
nished. The matter of the System may by chemical action 
be changed into other kinds of matter, but always of tbe 
same total amount, and the energy may be converted into ail 
forma of which energy is susceptible, but aho without alter- 
ing the total amount. 

Tbis is the principle of Conservation of Energy of which 
the foundation was laid by Newton, but his remark was 
passed by unnoticed tilï attention was caiied to it in Thomson 
and Tait's Treatise on Natural Philosophy (publiahed in 
1867), to which the reader is referred for a fiiller treatment 
of the subject. 

ESAMPLES OS CbAP. I. 
The followîng relations may be assumed : 
1 mètre = 39 '3 703 inches. 
1 poimd avoirdupoia = 4â3*59 grammes. 
1 cnbic foot of watec weigha 1000 oz. Av. 
Tbe acceleriitioii of gravity — 33'2 whea li. aaà sec. are fondamental 
imite. 

The abbreviatian cm. ia uaad Iot centimètre. 
..................... gm. ..-....-...-.. gramme. 

sec second. 

sq square. 

cnb, oubic. 

den density. 

1. How many centimètres are there in a footî How 
uany sq. cm. are there in a sq, foot ? How many cub. cm. 
«e there in a cub. foot î Ans. 30-4794 : 929 : 28315. 

2. Express in metrical units the velocity of sound which 
travels 1100 feet per sec. Ans. 33.5ii7'4 cm. per sec. 

3. How many yards per minute and miles per hour are 
deacribed by a body which travels at the rate of 1000 cm. 
per sec. ? Ans. 656-18 : 22'37. 

4. The accélération of gravity is measured by 981 in 
the metrical system. Find its numerical value when feet 
and seconds are employed as fundamental units. Aiia. 32-2, 

2—2 
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5. A Btone is allowed to fall from a cHfT: with what 
velocity is it moving at the end of the fourth second ? 

6. A caDnoQ-ball is shot vertically upwards and ascends 
for Ave seconds, theo retuming baok agaîn, 

(i) With what velocity was it projected ï 

(ii) What height did it reach ? 

(iii) What time elapses betweea leaving the gun and 
retuming to earth ? 

(iv) If it was caiight at the instant of tuming and 
hurled down with a velocity of lOOO feet per second, what 
would be its velocity on reaching the grouod ! 

(v) In the last case how long would it take during its 
fall ? Ans. ■^" nearly. 

7. The Moon's distance is 60 times the Earth's radius. 
Through what distance doea the Earth pull the Moon every 
minute î Asauming that the Moon moves in a circle, and 
that the radius of the Earth is 4000 miles, calculate the 
length of the lunar montb. Atis. 161 ft.; 273 days. 

8. A person dropa a stone down a well, and hears the 
splash after 2-86 sec. Find the depth of the well, making 
allowance for the time taken by the sound in coming up 
(see Ex. 2). Ans. 121 feet. 

9. A ballooQ ascends vertically and uniformly for iS 
sec, and a atone is then let fall which takes seven sec. to 
reach the ground, Find the velocity of the balloon and its 
height wben the stooe was dropped. 

Ans. 68 ft per sec.; 306 ft 

10. A Btone after falling for one sec. strikes a pane of 
glass and loses half its velocity. How far will it fall in the 
next second î Ans. 32 tt. 

11. What is the volume in cub, cms, of 15 kilogms. of 
iron whose density is 7'25 ? Ans. 2069. 

12. What is the weight in grammes of 10,000 cub. cm& 
of sea-water whose density is 1-028 ! 
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13. Two forces whose magnitudes are io the ratio of 
3 to 4 act at right aagles to each other ; what is the m^;iii- 
tude of their resultaat ? 

14. Two eqtial forces hâve a résultant also equal to 
either of them ; at what angle are the two components 
actiog ? 

15. It is required to substitute for a gÎTen vertical force 
two forces, one horizontal and the other inclined at an angle 
of 45° to the vertical. Find the ratio of the two components 
to the original force. 

16. If a body is falHng down an inclined plane, show 
bow to compute the part of gravity which is actiug upon it 
in the direction of motion, 

17. A body is falling down an inclined plane witbout 
friction, the angle of élévation of the plane being 30". Find 
the space it will pass over in the two first seconds from 
rest. 

18. Two weights are attached to the ends of a string 
without weight, and are slung over a smooth puUey. Give 
an expression for the accélération, acting on the system if 
it is free to move. 

19. If the weights in the precedîng question be 20 and 
10 gms., how many cms. will the larger weight hâve fallen 
from rest at the end of 3 secs. ? Ans. 1471'5. 

20. lUustrate the meaning of the term work by giving 
a list of esamples of cases in which work is done on a body, 
and also a list of cases in which work is done bi/ a body. 

21. Discuss the principle of conservation of energy as 
applied (i) in the case of two bodies moving with mutual 
friction; (ii) in the case of impact between two bodies. 

22. Show how the sun's energy is employed to grind 
eom, (i) by means of a wind-mill; (ii) by meana of a water- 
milL 

23. Two balls M, M', moving in the sanie line with velo- 
cities V and V, impinge. Show that there will be a loss of 
energy during the impact unlesa the whole momentum ex- 

changed be equal to ,, , ,,, (V— V). 

'"+^- ,.,;,...,Gooylc 
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24. Show that the energy stored up in a réservoir of 
water standing on the ground is meaaured by half the prd- 
duct of its depth into its weight. 

2Ô. Shov that if an additional quantity of water is to 
be added to the réservoir, it will be immaterial whether it 
is raised up and poured in from above or forced in at the 
bottom. 

26. Show also from the principle of conservation of 
energy, that if an orifice be made in the bottom of the 
réservoir and the water escape without friction, the velocity 
of the issuing stream will be that due to a fall under gravity 
from a beight equal to the depth of the water. 

27. In ques, 26 what would be the velocity if the vessel 
were filled with mercury whose density îa 13 times that of 
water î 

28. Prove that the work done in lifting a body up an 
inclined plane is equal to the work done in lifting it ver- 
tically through the height of the plane. 

29. Compare the momenta of a cannon bail of 600 Ibs. 
moving at the rate of 1000 feet per second, and tbat of an 
express train of 100 tons moving at the rate of 40 miles per 
bour. Ans. Ratio of 225 to 4928. 

30. Compare also the work done in stoppiug tbe cannon 
bail and train in the preceding question. 

Ans. Ratio of 27 to 347 nearly. 

31. A block of wood weighing one cwt. less 4 oz. is aus- 
peiided by a string, and is strucfc horizontally by a bullet 
wejgbing 4 oz., wbicb sinks into the block and causes it to 
ascend six inches. Calculate the velocity of the bullet in feet 
per second. -4ns. 1792^2. 

32. A bullet moving at the rate of lOOO feet per second 
pénétrâtes three incbes into a fixed block of wood. Calculate 
the velocity necessary to cause it to penetrate eight inchea. 

33. Compare the masses of two cylindrical buUets which 
proceeding from cannons of tbe same bore, with the same 
velocity, penetrate 8 and 12 inches respectively into the same 
block of timber. .- , 
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I 3i. A bullet weîghiiig 240 grammes, and movmg with 
a velocity of 300 mètres per second, pénétrâtes 4 cms, into 
a block of tiraber, the area of section being 8 sq. cms. 
Compare the retardation of the tîmber per sq. cm. with the 
accélération of gravity. Arts. 14335 to 1 nearly. 

35. Find the kinetîc energy of a ring which makes a 
pven number of révolutions per second round an axis pass- 
ing through its centre and perpendicular to its plane. 

Let a be the radius and m the masa of the ring: alao let 
it make m révolutions per second. 

Each particle of ring describes 2'n-aR cm. per sec.; 
.', velocity of each particle = 2'jTna, 
and mass of ring = m. 
Hence kinetic energy = Jro , (27mo)' 

36, Find the kinetic enei^ of a solid dise revolving about 
an axia through its centre miïing n révolutions per second. 

The dise may be regarded as made up of a séries of 
narrow rings. If be the centre, and OPQ be drawn 
through one of the rings, the mass of the nng = ^p.OP.PQ, 
wbere p is the mass per unit of area. 

Hence energy of ring = 2Tr'n*0P'' . (i-rp . OP . PQ) 
= iv'pn* .OP^.PQ 
= -n'pn\iOP'iOQ-OP) 
= ir'pn} (OQ* - 0P% see Art. 38, 
whence adding ail the successive éléments, 

kinetic enei^ of dise = •7T*pn*a' = mass x tt'/iV. 
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CHAPTER IL 



THEOET OF POTENTIAL. 



29. OuR knowledge of physics is a knowledge only of 
the forces exerted by matter iinder a. variety of conditions. 
Near'any material aystem Biich as the earth we find that if 
we try to move a mass of matter from one position to another 
the movement is either resisted, and work has to be done in 
moving the mass, or if we move it io the opposite direction 
a force assista the movetnent and would, if the mass were 
allowed to fall by frictionless constraint. générale in it enei^ 
during the fall. To express this condition in any space we 
«se the term Field of Force. 

Def. Field of Force m any boimded or unbounded 
région in which any two points A, B being taken work haa to 
be done to move a mass of matter from A to B, while kînetîc 
energy is generated if Uie mass be allowed to fall without 
friction from B to A. 

We ahall assume that the System of force is a Conserva- 
tive System, so that the work done in carrying the matter 
from ^ to £ is numerically equal to the Kmetic energy 
acquired by it in fidiiug from £ to A. 

30. At any point in a field of force there exists a certain 
definite direction of the résultant force at that point, along 
which a mass of matter left to itself will tend to fall. 

By choosing pointa near enough together such that the 
line joining eacb two consécutive points shows the direc- 
tion of the résultant force at a point on that line, we shall 
hâve a broken line through the field so that its direction 
at every point shows the direction of the résultant force near 
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that point. If the pointe be taten close enough togetlier thia 
broken line becoraes a continuoua curved line, such that the 
tangent at every point sbows the direction of the résultant 
force at that point. This Une is then a Line of Force. 

Def. Lime of Force is a lirie in a field of force sucfi 
that the tangent to the Une at any point shows the direction of 
the résultant force in the field at that point. 

It is clear that one line of force passes through every 
point in the âeld, and that lines of force cannot intersect, 
sînce if they could there would be at their intersection two 
directions of the résultant force, an obvions impossibility. 

31. The magnitude of the force by which a mass of 
matter at a point is urged along the line of force, dépends 
(Art. 16) jointly on the field or systera of force and on the 
quantity of matter. If we wish to express the variation in 
force at différent points in the field, we must choose some 
definite quantity of matter aa testîng unît, and find the force 
it expériences when placed at the différent pointa. The most 
natural quantity to choose is of course the gramme or unit 
of mass, and the term Strength of Field at a point is em- 
ployed to express the force experienced by a gramme when 
placed at that point in the field. 

Def. Strenoth of Field at a point is the magnitude 
of the force experienced by a unit ofmass whenplaced ai that 
point in the Field of Force. 

The Strength of Field is clearly the force per unit mass, 
and is the samc aumerically as the accélération at the point. 
Thiia the strength of the Earth'a gi-avitational field at the 
level of the sea in latitude of Paris is 981, since a gramme 
placed there expériences 981 dynes, or units of force, 

32. When we know at every point in a field of force the 
direction of the line of force and strength of the field our 
knowledge of that field of force is complète. We proceed to 
Kplain a System by whicb thèse can hs expressed more con- 
ciaely in terms of one quantity at eacb point — the Potential. 

We hâve seen that if any two points A, B be taken in 
afieldof force, and a unit of matter be carried from.^|l^ jB 
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against the force in the iîeld, a cerWn amount of work wili 
be donc on the unit, and if the unit of raass be allowed to 
pass back from fi to ^ by frictionless constraint, the particle 
will acquire an equal amouot of enei^ in its fall. Tbe 
prînciple of conservation of energy showa that the amounts 
of work or energy wUl be the same, whatever path be pur- 
sued from ^1 to î? or fiom B to A respectively. For if more 
energy were acquired in faUing along a path BOA, than 
along another path BDA, then by idiowing the particle 
coDstantly to fall along BOA, and to return along BDA, we 
should hâve unlimited source of energy. 

Def. Différence of Potential at any two points 

is the work doue in carrying a nnit of massfrom one point to 
the other and dépends only on the positions of the two points 
in the jkld. 

Thus the différence of potentîal for two places near the 
earth's surface will be expressed in foot-pounas or cm.-grms. 
respectively by 322 A or 981 h, where A is the différence in 
height above the sea-level in feet or cms., the force of gravity 
beiog assumed that at the sea-level about the latitude of 
London, The standard from which h is measured is plainly 
arbitrary, as we are only concerned with the difiference — 
practically though it would be the sea-level, and we might 
speak atrictly of places above the sea-level as having positive, 
or below the sea-level négative potential. 

Though heat does not, as far as at présent knowu, fall 
under the category of physical forces we are now considering, 
the quality called température is strictly analogous to potential. 
When we speak of the température of a certain place near 
a hot body, we only give the différence hetween its thermal 
condition and that of ice-cold water, the ice-cold water being 
a standard arbitrarily choeen on account of its convenience of 
reproduction. Or if the measure is given in Fahrenheit 
degrees, it is refen-ed to the standard of a mixture of sait 
and snow. Generally we are no more able to give an absolute 
measure of potential than we are able to protrude our ther- 
mometer hulbs into interstellar space to hnd an absolute zéro 
of température. But no confusion will arise if we keep before 
us that we are not giving the potential at a point absolutely, 
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but only tbe différence between the potential at that point 
and at aiiother we bave before agreed upon. Tbe absolute 
zéro is, however, at an infiaite distance frota ail attracting 
matter, just as the absolute zéro of température is tbat of 
interstellar epace, 

Def. Zeko, Positive and Nikative Potentul. Zeru 
Fotential is the potential at a certain point chosen as a 
tàandard of référence, any place wkich requires work to he 
done to bring the unit of masa fr'om the zéro point to it wiU 
hâve positive potential, and anij place wkich requires work to 
he dme to bring the unit of maas from it to the zéro point vnlt 
hâve négative potential. 

33. We can express conveniently the component of 
force at a point in anj direction ia terms of the variation of 
potential iUong tbis direction. 

Take anj two points, AB, in the field, and call theîr 
différence of potential V, Then if I^ be the average force 
between A and B resolved along AB, we hâve Fx. AB= V, 

V 
or F= — -jj . Hence the average force along anj Une will be 

given by tbe average rate at which potential changes along 
the line, and if the line be made very uhort, we may say 
that tbe force, in tbat direction, is tbe rate of change of 
potential at that point in the given direction. Since the 
résultant force at the point is given by the direction of the 
line of force, and the force in any otber direction will be the 
component in that direction of tbe résultant force, it follows 
that the potential changes most rapidly along tbe line of 
force, and less and lésa rapidly in directions more and more 
inclined to the line of force, ivhile in a direction at right 
angles to tbe line of force the rate of change of potential 
must vanish. 

Tbis may be illustrated from gravitation. At any point 
OD an inclined surface tbe line of force will be the line of 
greatfist slope, or tbe line along which potential changes most 
rapidly, while perpendicular to tbis Une will be a horizontal 
line or line of no change of potential. 

34. If a surface be drawn through the field of force, 
which every where cuts at right angles unes of force, the rate 
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of change of potential along it will be zéro, or the surface 
will be an equipotential surface, and the force resolved along 
it at anj point will always vanish, so tbat no work is done in 
moving matter along such a surface. Due to the earth's 
gravitation the surface of the sea is an equipotential surface, 
as also the surface of any plain as determined by the apirit 
level or a plumb line. 

Def. Equipotential Surface is a surface drawn through 
ail points in ihefield at which the potential is the same, and it 
will everywhere eut Unes o/ force at riffht angles. 

It is clear that différent equipotential surfaces cannot 
intersect, for at tbeir intersection the potential would hâve 
two différent values, and lines of force would also intersect. 

35. The foregoing définitions and propositions contained 
in them are applicable to any Conservative System, that is to 
any System of forces to which Newton's Laws of Motion are 
applicable. We now proceed to some spécial applications 
of them in the particular case of forces such as occnr in 
nature. 

It is found by experiment and observation that between 
every two particles of raatter in the universe there exists 
an attraction, which dépends only on tbe masses of the 
particles and on the distance between them. As the distimce 
increases, the force of attraction diminishes according to a 
law called the law of inverse squares. Thus if tbe distance 

1 .,- 



the distance be trebled, the force is only one-ninth or ^ of 

its initial value, and so on. This is expressed by saying that 

if the masses are m and m', and the distance r, the force of 

attraction between them is — >-. Thus the accélération 

produced by m on a partïcle at distance »" is -j . We shall 

now investigate two very important cases of attraction coming 
under this law. 
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36. Prop. !■ To flnd ths Htrencth of field dne to a thin 
GïTctiUi plate at a point in a lise perpendicular to It throogh its 
centre. 

Let u3 suppose tLe plate divided into verynarrow cîrcular 
rings, drawn about its centre A (iîg. 6), and let PQ be a 
type of such rings. "We ahall consider the attraction of 
each ring separately, and nompound them to iind that of 
the whoie plate. Let be the point at whîch a unit of mass 
ia placed on whîch we are required to find the attraction of 
the plate. Join OA. The résultant attiaction will be by 
symmetry aiong OA. We shall Fia. 6. 

therefore résolve each force along 
that line, and add together the 
resolved parts so obtaiued. 

Now ail parts of each ring wîll 
be at the same angular distance 
from OA and nill also he at the 
same distance from 0. Let the 
radius AB eut one ring as at P 
and Q, wbere P, Q are points on its inner and outer edge 
respectively. Join OB, OQ, OR 

If we take an élément of the ring of mass m, its attrac- 



mass collected at P or Q respectively, We shall assume the 
attraction to be ^p ^^ . Again the direction of thig résultant 

attraction will lie between OP and OQ. We shall assume it 
to he towards a point B. in PQ such that 
OR = \{OP+OQ). 
Thua the attraction of the élément on the gramme at 

— "^ Dfi A _ CT OA 

~ OP. OQ ■ *"'' -^^ ~ OP. OQ-OIf 
AddiDg togetber ail the éléments of the ring, the attraction 
of the ring 

_ mass of ring OA 
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But the inass of the ring (p being the mass of a unit of 

-7rp(og'-op") 

-7rp(OQ+0P)(Oe-0P); 
•• the attraction of the ring 

»rp (OQ+Of)(OQ-OP | OA 
OP.OQ 'TJS 

0Q_ 

• OP. OQ 
OR-HOP+OQ) 



ise AB to be divided up 
uch rings, wliich eut AB u 
■h rings the above formulf 
le whole plate which equa 

the Beparate rings 



Now suppose AB to be divided up into a very large 
number n of such rings, which eut AB m /*,, P^, P,,.,.i*,_,. 
To each of such rings the above formula applies, and the 
attraction of the whole plate which equals the sura of the 

attraction'of ail the separate rings 



OPJ 



= 2tp (i 



OBJ 
0A\ 



~ ÔB) 

= 2Trp (1 — C09 a), 

where a = half the angular diameter of the plate as seen 

from 0. 

If the plate be of very large extent or the particle at 
very near to it, a will become very nearly a right angle, and 
ita cosine will be so soiall that it may be neglected compared 
with unity. Hence the attraction of any plate on a unit- 
mas3 at a distance from it, very small compared with its 
diameter, ia always Zirp. . . 
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In tte above process two assumptiom are raade which are 
italicised. 

It remaina for ua to show that the error in each élément 
cannot oq sammation niouat up to a sigiiificant term in the 
resuit, 

Both assutnptions consist in assigning to a term a value 
intermediate between the extrême values, of which the geo- 
metty showed it capable. 

The error therefore in the case of any élément cannot 
esceed the differeace of thèse extrême values. Hence the 
nhole error in estimating the attraction of the ring PQ is 
lésa than 

mas3 of ring OA mass of ring OA 
ÔP 0? Ô^ 'OQ' 

<^,.oA.m--op')(Jp-^). 

'<^P- OA OV.OQ- • 

or mueh more 

, . nA (OQ--OP-)(0(i-OP)(OQ±OPr 
<-,p.OA. OPTÔW • 

<-,,.OA.(^^^ + ^{OQ~OP)'. 

But OF and OQ are both greater than OA. 

Hence error < -n-pOA (-^ (OQ - OPf. 

Let now the n rings be choaen so that OQ — OPisthe 
same for each, so that n (OQ — OF) = AB. 

Hence whole error < nirp OA [ -~\ (OQ — OF)", 
<^,.AIHOQ-OP). 

Now the number of the rings can be made as greataa 
we please, and therefore OQ — OP can be made in ail cases 
indefinitely small, and it is clear that the whole error com- 
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mitted cannot exceed a quantity itaelf indefinitely BmaJI, 
which may therefore be neglected. The proposition is now 
completely estabUshed, 

37. Note. As the method used in the above Article 
will enter lai^ely into our future investigations it may be 
expédient to give hère a général statement of the nature of 
the p 



We hâve generally to sum a séries of the form 

M, + M, + K, + . .. + «,.,, 

where ail we know ahout the successive terms is that they 
are certain very small quantitiea eacli of which lies between 
very narrow limita, defined geometrically : while ail we know 
about n is that it is a very large uumber. Our method con- 
sists in putting u,, m,, m,, &c, in the form 



Hence on addition the sum of the séries 
= ic, — x^. 

Now in transforming «„ for instance into x^ — ar,, we geue- 
rally take for u„ any value between its extrême values which 
can easily be decomposed into the form iudicated. It is 
necessary to show that no appréciable error is introduced into 

the resuit. Suppose t^, ^ i to be the extrême values of 

which one of the terms u is susceptible. Hère t and t7 are 

fractions whose numerator and denominator diSer by smoll 
quantîties easiiy expressed as multiples of k, so that we can 
assume a' = a + j»A, b' = b + qk\ and k is itself a very small 
quantity. Hence the crror committed in this term cannot 
exceed numericaUy 



\h b + qtl'' 



,G(H^nlc 
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whîcb we will for simplicity assume positive. The error 
therefore is certaioly less thaa 

agk — hpk , 

<îtÈS.r, 

Let ùs no^ choose the successive terms 60 that k may be 
the same for each and nk = K some finite quantity. AIso 

on ttis hypothesis let ,,1 hâve îta greatest possible value, 

C suppose, which will certainly be finite as neither h nor V 
ïaniahea. Then the whole error will certainly be lèse tlian 
nœ or GKk. 

But by making the number of terms sufficiently great 
k can be made indefinitely small, and heoce the term CKk îs 
also indefioitely smalL 

Thia shows that the error committed can in no case riseto 
importance in the anal summation. 

The same reasoning holds good if the value assumed for 
« does not lie between its extrême values, provided the 
greatest possible error be some finite multiple of A;*. 

The foUowing applications of thia method will be com- 
monly applied hereafter : 

(i) If k represent a small angle we shall assume that its 
âne, circular measure, and tangent are interchangeable. 

(Si) If k represent a smali arc we shall assume that the 
choRj may be substîtuted for the arc and vice versa. 

(iii) If ft be a small fraction we ehall assume that we may 
Bubstîtute for it any convergent algebraical séries whose firat 
term b k, as for instance log (1 + i) or — log (l — k). 

The student of Calculua will at once see that thèse suma 
are in reality definite Intégrais, and the terms rejected are 
terma of the second order in the differential. 

38. Prop. n. AnnifonuBpliericalBlieUezercisâaiioattractîoB 
on a particle placsd in its Interior. 

Suppose a gramme to be placed at 0, a point in the 

interior of the shell. CckiuI • 

C..V.. '~ * 
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Then draw througb a double 
cône of small vertical ODgle. The 
intersection of the cône with the 
^ shell cuta off two small fnista AB", 
CJy from the cône. The attractions 
of thèse two small éléments of the 
fihell, on the particle at 0, are ex- 
erted in opposite directions, and the 
résultant attraction towards A is ^ . 
mass of AB" ^ mass of CI/ ^ iilf^-Xc' 

OA' ^ OC • ~ 0^ 

Eut sinoe the tangents drawn to the sphère AA', CC are 
equally inclined to AOC, we may consîder AB" and CI/ as 
parallel plates of equal thickness eut from a cône, and in 
this case 

volume of AB' OA* 

•volums o( CI/ ^'OG" 

and the volumes are proportional to the masses, aince the 
shell is homogeneous ; 

mass of AB' OA^ 
■ " maaa of CD' "^ ITC' ' 

masB of AB" _ mass of CIX 
OA' " Ô^ ' 

Hence the résultant attraction of the two opposite éléments 
on is nil. 

Now if the Tïhole shell be eut up into sîmilar pairs of 
éléments, the sarae reasoning will hold good for each pair, 
and the whole attraction of the shell on any internai point 
vanishes. 

Since there is no force within the spherical shell the rato 
of change of potential is nil, or the potential is the aame 
throHghout the interior of the shell, 

39. Frop. in. To find the work done in carrying a gramme 
against tlie attraction of any syatem of particles &om one point 
to an; otber point, or to find tlie différence of potential betveen 
two ^ven pointa. 
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Let PQhe a, small élément of the 
path pursued, and let a masa of matter, 
m, be placed at 0. Join OP, OQ, and 
from Q draw QR perpendicular to OP. 

Then tbe attraction on the gramme 
anjwhere between P and Q is repre- 

sented by ^p „- for the reason given 
inProp. L /;■' . 

This attraction resolved aloug PQ 

m PR 
^OP.OQ-PQ- 
Hence tJie work done in carrying the gramme from Q to P is 

"■ ^B PO 
OP.OQ'PQ^ ^ 

_ mPB .. m(0f-08) 
~OP.OQ~ OP.OQ 

-"{ôQ-w)- 
If there be other particles in the system, it 18 clear that 
the force in direction PQ ia equal to the sum of the separate 
forc^ Hence work done from Q to P 
= (total force along PQ) x PQ ; 
= sum of work done agaiust each separately. 
Hence the work done against the attraction of a System of 

particles m,, m,, placed at pointa 0„ 0„ may be 

espresaed by 



^"{ég-ïïp)- 



In the aame way, dividing the whole arc into similar 
éléments, and performing the summation, we find that the 
work done against any attracting system in canying a 
gramme from A to £ 
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This shows us that the whole work done agîùnst aay attract- 
ing System in moving a body frbm A to S along aoy path 
nhatever îs the sum of work done aloiig the whole path 
against each élément of the System taken separately ; and we 
see it to be indcpendent of the path pursued from ^ to ^. 

CoB. 1. If the particle move freely from BtoA under the 
influence of the attracting System, the law of Einetic energy 
must hold (see Art 28), and we bave, if t>, F be the final 
and initial velocities, 

lif.--ljfF'.iK».(l-^), 

where M is the mass of the particle moved, and m îs, as 
above, the mass of one of the attracting particles. 

Cor. 2. Let us suppose one of the points {B suppose) 
to be at an infinité distance or at the absolute zéro of poten- 
tial (see Art. 32). We then get for the absolute poteatial at 
any point ^i of a System of attracting particles the expression 

2 — . This dénotes that if a point be at distances r^, r,, r^. . . 

from certain points in space at which we imagine masses 
m^, m^, m, the sum 

^ + — *+^4-&c. or 2 — 

^1 *"» ^i *" 

dénotes the work done in carrying a gramme from that 

point to an infinité distance or the absolute potential at the 

point. 

Fig, s, CoB, 3. It 18 easily seen that the 

B rate of change of potential in any di- 
rection ^ves us the resolved strength 
^ of the field in that direction. For 
"1 ' taking a single particle m at (Fig. 8), 



Eence the change of potential along PQ 




THEORT OF POTEHTIAL. 37 

_m__m _ m{OP~OQ) 
~0Q 0F~ OP.OQ ' 
aod therefore the rate of change along thîs Une 
m OP-OQ 

^ OP.OQ' PQ • 
which wlien P, Q are very near together becomes ^ïf^ • pQ 

or jrpi cos QPM, the reaolved part of the force due to 

along PQ, and the eame ■will be true for each élément of 
which the potential ia made up. 

40. As a concrète illustration of thèse principlea, sup- 
pose the field of force due to a single particle of attra^ting 
matter. The lines of force are atraight fines emanating from 
thia point ; the strength of a field at a distance r from the 

attracting point m îa -^ in a Une towards the attracting 

point ; the potential at the aame point is — , and the equipo- 

tentiai surfaces, over each of which — must te constant, will 

r 
be surfaces for which r ia constant or a system of sphères 
haring the attracting point for centre, 

We hâve aiready notic«d that since there ia no force 
exerted by a apherical shell on a particle inside it, the 
potential everywhere within it must be the same, and will 
therefore equal the potential at the centre of the sphère. 
Since every particle of the ahell îa at the same distance 
(radius) fit»m the centre, the potential at the centre 
y m tm _ mass 
r r radius ' 
ihich 18 therefore the value of the potential within every 
uniform spherical shell 

41, If we hâve a mass m^ at a point A^ distant r, from 
!i certain point Bj, then the potential due to A^ at S, ia - 
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This quaatity is a measure of the work done in .bringing a 
gramme from 5, to aa infinité dbCaDce from A^ or out of 
A^s âeld of force. Let there be at fi a mass ft, tben the 
work done in moviog this mas3 out of A^'s field of force will 

be —^ , and this expression may be called the potential of 

m, on fiy The symmetrj of its form shows that it is also the 
potential of /*, on m,. If there be a System of points A^, A^... 
at which are masses m„ m, distant r,, r, from /*,, 

then /*,S— will represent the potential of the System of 
particles A on /i,. Let there now be another system of 

particles fi^ /i, at points B^, B^ and let the value of 

fis, — be computed for each élément of B, then the sum 

denoted by 2/t2 — will give the whole potential of the 

System A on the system B, or the whole work done in 
carryîng the system B out of the field of force due to A, and 
this may be defined to be the potential of A on B. The 
process by which this value is obtained is clearly the same as 
joining every m ia A with eveiy /i in B, measuring their 

distance r, and adding up ail such terms aa —, This sum 

may be wrltten 2S — , remembering that both Systems must 

be eshausted in making the summation. The form of tbis 
latter expression, or ïndeed the Third Law of motion, shows 
that it muât be identical with that obtained by Computing 
the potential of B on A. We conclude that the potential of 
j1 on B is the same aa that of B on A, and its value may be 
termed tbe Mutual Potential of A and B. 

DEF. POTENTIAI. OF A. SYSTEM ^ ON A SYSTEM B: 

Mutual Potential. Tke potential ofa system. A on another 
System B of attraoting matter is the work done in carrying B 
out ofHieJield of force due to A, and is equal to the potential 
of BonA. This funcHon, spoken of in référence to the Systems 
A and B, may be called tfmr Mutual Potential 
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42, Sînce Unes of force exiat throughout a field of force 
but do not interaect, if we draw in the neld any closed curve 
and draw Unes of force through every point in it, we shall 
hâve a tubular surface bounded by fines of force whicli is 
called a Tube of Force. 

Def, Tube of Force is any tubular sur/ace auch that 
tke Une of force through every pmnt on tt lies whoUy in 
ihat surface. 

In the case of a single attracting particle referred to above 
tbe tubes of force will be cônes having the attracting particle 
at their vertex. 

43. We now proceed to investigate some very important 
properties of Tubes of Force, taking first the case of a small 
tube due to a single attracting particle. 

Frop. IT. If a cône of very small vertical angle be drawn 
baving a partiels of attracting matter at ita vertex : if F be 
ttie attraction at an? Point within the cène computed in 1U17 
direction, and S the area of the section of the cône perpen- 
dicnlar to the direction of F, then the product FS is constant 
throughout the cône. 

(i) Let the direction of the force be along the aicis of 
Uie cône, tbe sections are then at right angles to the cône. 

Let P, Q be two points on tbe axis of the cône, and 
F,, f, the attractions exerted by on them ; S,, iS, the 
Bections of the cône through PQ perpendicular to the 



Then 






F, :-F, 


m 


m 


where m iï 


\ tbe mass of the 


attracting particle 


at 0. 


AndsinceS„S, 


aresimi- ^^ 


lar figures, 






S, : S. :: OP' 

: F,S, : F,S, :: 


lience in this case 


F,S=FA. 
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(îi) Z<et tbe force be inclined to tbe asis of tbe cône 
at anj angle 0, the section îs ibea oblique and inclined at an 
angle 9 to the right section. 

IJet ^aud Aa (S) be the résultant force and ligbt section 



Fig. 10. 




at any point P: also let 
F,, S, be the same quantities 
for an oblique section Bb 
through the same point. 

Tben we may regard Aa 
as the orthogonal çrojection 
of Bb, and Uie incunatioa of 
the two sections being 0, we bave 

Bbcosâ^Aa, 
or,S,cos5 = S. 
Again, since F^ is the resolved part of i* in a direction 
inclined at an angle 0, 

F, = Fco&0; 
.•.F^S,cos0 = F8coaÛ, 
or, F^8,=F8, 
wbich proves tbe proposition generally. 

44; Frop. V. Zf the arsa of a closed surface be divided Into 
a large nomber of éléments c,, ^i, v^..., and the force of aa 
attracting system outaide It be computed over each eleme&tair 
area and normal to It reckoned outnards, the sum denoted 1^ 
tbe symbol xFo- shall Tanish. 

Take one élément of tbe attracting matter, as 0, and draw 
Kg. 11. from a small cône 

which euts tbe sur- 
face in two elemeutary 
areas <r,(/, and let F.F" 
be the forces normal to 
the surface computed 
outwards. Tben by the 
preceding proposition 
~-F<T'= + F'ai 
the sign — being attacbed because the normal components 
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at a aod 0-' are in opposite directions with respect to 0, that 
is, one tends to and the otherfrom ; 
.-.Fff+F'v' = 0; 
and since the whole surface can be eut up into similar pairs 
of éléments we hâve over the whole surface ^Fa- = 0. 

Again, what is true for each particle of the attracting 
mass outside, taken separately, is true when they are ail taken 
together. Hence, if F,, F^, &c. represent the résultant force 
due to the whole extemal mass on each élément of the surface, 
we roust also hâve over the whole Burface as before SFir = 0. 

This proposition, as well as subatantially the proof bere 
giîen, is due to Prof Stokes. 

4S. Prop. TI. If a tnbe of force, bonnded as to itB ends by 
tvo e^Bipotential sni&ces, liare the ends divided Into éléments 
i7[, i7g, (r„ fte^ o-,', ir^', a^, &c^ and the résultant force computed 
orer each élément T^, F,, F^, ftc, F,', F^', F,', &g. ; then 
2F<r = SFV. 

For the tube of force bo bounded is a closed surface, and 



Fig. 12. 



3 may apply to it the statement of the 
preceding proposition. 

Now since the tube of force is bounded 
by Unes of force, and since a force can pro- 
duce no effect in a direction at right angles 
to itself, the component of the force per- 
pendicular to the surface at every point 
on the tubular surface is zéro. 

Hence we hâve only to consider the 
force on the ends of the tube, that is on 
the equipotentiat surfaces, and we hâve 

XFa- - %F'a- = 0, 
tbe — sign being used because the direction of the force on 
one Burface is inwards and on the other outwarda, with re- 
spect to the portion of the tube of force under considération ; 
.•.tF(T = tFa'. 
If the force is uniform over the ends or equipotential sur- 
faces then we may wiite the équation as 

F8 = F8', ,- 1 
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where S ia thé whole area of one end or cross section and S' 
of the other, and F, F' are the forces over each respectively, 

The same law can be eitended, just as in Art. 43, to the 
case of a surface cutting the tube obliquely. For if ^, iS 
represent the force and area of cross section when perpen- 
dicular to the tube, F,, iS similar things when oblique to the 
tube, we hâve B=S^ cos Ô, 

F^ = Fcos0; 
.•,F^S, = FS. 

46, Pn^ VU. If a Binall tube of force cnt throngh a thin 
plate of attractlnc matter perpendicnlar to it, the prodact 7tr in 
passing îzom one slde to the other changes b; émn, where m is 
the maaa of matter inclvded In the tube. 

For let AB be the thin plate of matter included, and let 
P and Q be two points taken very near the plate and on 
opposite aides. We will dénote ail the attracting matter 
outside the plate by M, tho tube of force being due joiotly to 
the attraction of Jlf and the plate AB. Since the forces due 
to M and to AB are at P and Q both perpendicular to AB, 
we may by the second law of motion conaider their effects 
separately and add them together. 

Let F' be the résultant attraction of Jlf on P or Q whîch 
are indefinîtely near together, the direction of F' we will sup- 
pose in the figure frora Q to P, The attraction of the plate 
will be 2irp (Art, 36). At P the attraction of the plate acta 
against F', and hence the complète product Fa 
= {F'-27rp)a. 
At Q the attraction of the plate acta with F, and hence 
the complète product Fa-={F' + 2-7rp)a. 
Fig, 13, Hence the chaîne in the product F(7 on pass- 

ing from one side of the plate to the other 

= {F + 27rp) <T~{F'- 27rp) <r 
= 4!irpff 
= 4nrm, 

since where p = deneity per unit of area and c 

the area of the plate m = pa: 



THEORT OF POTENTIAL. 43 

The same proposition holds true if the raass be not a thio 
plate, siûce we raay conceive it to be made up of thia plates 
eut peipeadicularlyby tubes efforce withspacesbetween; the 
above proposition is true for each plate separately, and couse- 
quently it ia true for any mass eut through by a smali tube 
of force. 

Note. It must be carefully observed that the quautity 
denoted by F m thèse propositions and called the résultant 
force at a point is not of the nature of force, but is theforcn 
•per gramme or per unit of mass attracted, and might with 
more propriety be called the streogth of the field, since there 
is clearly no such thing as résultant force at a point in a âeld 
of force, unless matter be brought there. 

47. Fiop. Vm. If one eiiaipoteiitial surface be knovn and 
the law of distribution of force orer it, ail otlLer eaolpotential 
surËices can be dravn b7 pure geometiy only. 

Let the surface be mapped out into small areas such that 
the product of each area into the force near it shall be con- 
stant. Thèse areas will form the bases of tubes of force, and 
for each tube of force the product Fer remains the same. 

Since the work done in carrying a gramme from one 
surface to the next wiJl be constaiit ( V), the distance x along 
a normal from one surface to the next will be given by 

Fx=V. 
Hence, to pass from one surface to the next, we remember 
that 

Fa;=VwiàFT = G; 
it follows that ar is in a constant ratio to <r, and we hâve 
round each tube of force to raise normals proportional in 
length to the area of that tube, and the locus of the ex- 
tremities of thèse normals will be the next equipotential 
surface. Similariy, by using the projections of the tubes of 
force on tbe new equipotential surface, we can pass ou to the 
surface next to it, and so on indefinitely. 

It will be observed that, in accordance with the last 
proposition, when any tube of force passes through attracting 
matter the product F<7 is changed by + 4ïr?», which will 
correspond to increasîng or diminishing the number of tubes 
ou the equipotential surface. 
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48. Prop. IZ. Tli* potwitUl nJne lu &m spac» is never dis- 
omtiiincnu^ tlût is it nerw M » ptdnt or mrfitce makes a Badd«u 
chance fina one valu to anoUwr. 

For the différeDce of potential at two pointa AB is the 
work donc od a gramme carried from A to B, hence if F" be the 
potential différence, and F the aven^ force along the hne, 
F X AB= V. Hence if Vhas a finite value whenlâSis zéro 
(which corresponds to a discontinuity,) F must be infinité, 
which ne ver bappens in free space. 

CoB. la the same way the potential cannot be constant 
on one side of a given surface and vary on the other side 
unless the surface bas attmcting matter distributed over ît. 
For the surface bounding the région of constant potential 
must be equîpotential, and tubea of force must eut it at 
right angles. But on the side of the surface on which 
potential is constant F=(i, and F<r = 0. Hence F<r = 
tbroughout tbe tube, and therefore F=0 or the potential is 
constant on the opposite side of the surface also. 

49. Prop. Z. TTinrntntitinlTiBgarlift.na. tTia.'rlTniiTn nr itit'nlwi^ Tip 

vaine at a point lu free Bpace. 

For if it bad the potential at a certain point would be 
ratber greater or less than at ail points round it, and tbe 

equipotential surface would degenerate to a single point. 
Tubes of force starting from that surface or point would bave 
zéro bases and, unless F were infinité at the point, the pro- 
duct Fit would equal througb ail space; and F cannot be 
infinité at a point in free space. 

50. Fxop. XL No particle can be la stable eiinilibriam nnder 
the attraction of a matetlal aystem. 

For since the potential cannot bave a maximum or 
minimum value in the position of equilibrium, tbe potential 

on one side will be greater and on tbe other less, and if a 
line be drawn through the position of equilibrium tbe résul- 
tant force will be on one side directed towards the point and 
on tbe opposite aide away from it, a condition inconsistent with 
stable equilibrium. 
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51. Prop. Zn. At great diflttmcra from an attractias syBtam 
tbe eqnipotential snrfoceB tend to become sphères abont the centre 
of gnvity of tbe aystem, tlie foice over each sphère belng tmifoim. 

Suppose Q tte centre of gravity of the attracting System 
and A^ aa élément of it distant a, from Q, and let P be tbe 
distant point at which we wish to calculate the potential. 
By a distant point we mean a point such that squares 

and higher powers of the fraction -r^ may be neglected 
compared to unity. 

Let GA^ = a^, GP=R, -^,P=r,. 

and /.PGAj = 6, and let the mass of élément at j1, te m,, 

Then potential at P due to m, = — > . 




neglecting Q j ; 



to the Bame degree; 



Hence, for the whole system, 

_ m 2m . 1 ^ a 

S — = -n- + n 2,ma cos 0. 
r U M 

But a cos ^ = projection of GA^ on GP, and therefore, by 

the pnnciple of centre of gravity, %ma cos 6 = 0; 

^ w_ Sm, 

or the potential of the system is the same as if the whole 
^Btem were collected at its centre of gravity. In this case 
tiie equipotentiaJ surfaces are sphères about the centre of 
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gravity as centre, and the force over eacb spbere is uni- 
l'orm, 

EXAHFLES ON ChAPTER II. 

1. Show that ia Computing the attraction of a solid 
spbete on a point within its mass we may neglect ail of the 
sphère more remote firom the centre than the given point. 

2. Qiven that the volumes of sphères are proportional to 
the cubes of their radii, show that fcbe attractions exerted by 
a spbere on points within it are directly proportional to tbeir 
distances from the centre. 

3. Sbow that, supposing the density of tbe earth to be 
uniform and its diameter doubled, the accélération at its sur- 
face would be double its présent value. 

4. If three particlea of niasses m,, «i,, m, be placed at the 
angular points of a triangle, the potential at the centre of the 

circumscribing circle is — ' — ^ * , where B is the radius of 

tbe circle. 

5. If any number of partîcles be distributed over the 
surface of a sphère, the potential at the centre of the sphère 

is -ïT , where Sm is the sum of ail tbe niasses and R the 

radius of the sphère. 

6. At tbe angular points of a triangle are placed masses 
equal numerically to the lengths of the opposite sides. Show 
that the potential at the intersection of perpendiculars ia 
equal to tan ^ tan £ tan (7 ; at the centre of the circum- 

scribed circle it is 8 cos „ cos -^ cos -^ , and at the centre of 

the inscribed circle 

8M( . TT-A . ir-B . -TT-C 

-jsm^^sm-^sm-^ 

- B'Q i sin ~^— sm — |— I ■ 
where R and r are the radii of circumscribed and inscribed 
circlea. 

r,. i.,<i-,G00nlc 
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7. Calculate the poteutial of a circular plate on a point 
situated on a line throngh its centre perpendicukr to îta 
plane. 

Ans. 27rpî {1 — coso); if i be distance from edge and 
2i the angle subtended by tbe plate. 

8. Sbow that in a field of uniform force the llnea of force 
are parallel straight Unes and the equipotential surfaces a 
System of parallel planes. 

9. Show that if the equipotential surfaces be a syateni 
of concentric sphères the force over each sphère is uniform, 

10. Show that the attractions of ail parallel plates of 
equal thickness eut from a right cône on a particie placed at 
the vertex are equal. 

11. Show that the last proposition is true for sections 
taken frora an oblique cône. 

12. Two ùmilar right cônes of like material attract equal 
particles placed at tbeir respective verticea. Prove that the 
attractions are proportional to the heights. 

13. Find the potential of a solid right cône on a particie 
at its vertex. 

Afis. T-pP cos a (1 - C08 a) ; if ï be the slant height and 
a the semi-vertical angle. 

14. If particles be placed at the middle points of the 
eides of a triangle, their masses betng numericaJly the same 
as the sides, show that the potential at the centre of the cir- 
cumscribii^ circle is 2 tan A . tan B . tan C. 

15. If equal particles of matter be placed round an ellipse 
at distances such that the angle subtended between any two 
successive particles at the foous ia constant, show that the 

potential at the focus is -j-, where n is the number of 

partides, m the mass of each, and l the semi-latus rectum. 

Note. Using the polar équation (-=1 — ecos^j the 
proposition follows at once. ^ ^ GchiiîIc 
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16. Find the potential of a verynarrow clrcular annuluB 
at its centre. 

17. Fiad the potential of a broad circular annulus at its 
centre. 

18. Find the potential of a sector of a circle at the centre 
of the circle. 

19. If the equipotential surfaces be a sjrstem of confocal 
spheroida, show that the liaes of force are syatema of hyper- 
bolas having the same focL 
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CHAPTER IIL 

APPLICATION OF POTENTIAL TO STATICAL ELECTBICITT. 

52. Befoke jwDceeding to apply the propertiea of Po- 
tential to tbe investigation of Electricity, we must state 
briefly one or two of the expérimental laws on which auch 
application dépends. 

ExPERiMENT L Tk^e ta no electrical force within a 
dased electrified conductor, unless there are otker electrified 
lodies vntkin it and insulated from it. 

Tbis has been showa conclusively in numeroua experi- 
ments deîised by Faraday, Having tested by the proof 
plane, and Coulomb's balance, the inner aurfacea of différent 
conductora, of every variety of shape — sphères, cylinders, &c., 
with the outer surfaces either completely cloaed as with tin- 
foi], or closed only by a conducting network of wire gauze 
or of linen fibres, as in a biitterfly net: he finally constnicted 
a small house or room 10 or 12 feet cube, covered outaide 
with tinfoîl, and insulated on glass legs, so that the whole 
surface could be bighly electritied by a powerfui machine. 
Into this he carried gold-leaf electroscopes, and within it 
applied the most délicate tests he knew of for electrificatîon, 
but he did net aucceed in detecting any trace. Such was 
the delicacy of thèse tests that if there bad been a ten- 
thousandth part of the electrifi cation inside that there was 
outeide he could not hâve failed to detect it. 

This experiment is équivalent to aaying that no field of 
electrical force exista within the substance of a conductor, 
and that therefore every electrical field ia bounded by 
conducting surfaces, and cousists wbolly of non-conductors 
or dielectricB, 

This experiment is true for surfaces under electrical in- 
duction aa well as for those which are freely electrified, 
CE. "•il-' 
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53. ExpERlMENT IL When a séparation of etectridiies 
iakes place by friction or any other means, the amourds of 
vitreous and résinons eîectricities produced are always suck 
iliat, on being re-united, they exactly neutralize eack other. 

This is sbown clearly ia aoy form of electrical machine 
iu whtch the opposite pôles are connected. For uules9 it 
weie true one pôle would, on workiDg the machine, still 
acquire a charge of electricity. 

Def. Complementary Distributions. The two amounts, 
which are produced when the electridties of a neatral body 
are separated, are said to be eqval and of opposite sign, and 
we shall speak ofthem as complemenAary distributions. 

It is necessary in dealing with electricity to keep thèse 
complementary distributions in view, as we cannot in any 
prohlem hâve to deal with charges of vitreous or resinous 
electricity alone, but each charge bas somewhere its complé- 
ment of the opposite tind. 

54. EsPERlMENT III. Every electrifed body when placed 
in a closed veasel whose surface is conductîng, calls up hy in- 
duction on the inner surface of the vesael a charge of electricity 
equal in quanttty. btd opposite in sign to its ovm charge. 

Thia is experimentally proved by Faraday's Ice-pail ex- 
perîment. An electriiied sphère is introduced into a hoilow 
closed conductor, and the electricity induced on the inside by 
the charged body before contact of the sphère with the in- 
terior, is fuund on contact just to neutralize the body's 
charge. The complementary distribution on the outside, 
which is equal to the disguised or induced charge, must 
therefore he equal to the original charge of the body. 

This experiment shows that when electrical expérimenta 
ave perfornied in a room the complementary electrificatiou 
always exista distributed over the walls of the room. 

55. Experiment IV, If two bodies be electrified and 
placed at a constant distance, great compared with their di- 
mensions, from each other; they exert on each other a force 
proportional to the producta of the amounts of electricity they 
contain. This force is attractive if their electrificaiion he 
opposite, répulsive if sitnilar. 
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We can measure the répulsion of two cbarged bodies by 
Coulomb'a torsion balance, in which the moment of the ré- 
pulsive or attmctive force is equal to the torsion of the wire 
required to keep the bodies at a âsed distance. 

The diarges can be varied in the foUowing inanner: 
Provide a bail of the same size as the carrier and indicator 
halls of the torsion balance, insulated by a silk thread or 
gum-lac Btera, which we sball call the diBcharging bail. 

Now, having a commoa frictional machine âtted with a 
Henley's electrometer, if we apply the carrier or discharging 
hall to a certain part of the prime conductor, when the elec- 
trometer is at a fîxed reading, we cany away a certain amount 
of electricity, which may be taken as a provisional unit. 

Having cLarged by thia means the carrier bail, it is placed 
in the balance ; its charge is immediately divided equally 
with the indicator bail, and we can observe the torsion of 
the wire which keepa tho two balls at any proposed distance 
apart ; we hâve in thîs way a nieasure of the répulsive force 
between two quantities each ^. We now reraove the carrier 
hall, and divide its charge with the discharging bail, by 
which means the charge of each is reduced to \. The carrier 
hall ia replaced in the balance, and the repulsion at the 
same distance observed. 

The discharging bail is now discharged, the carrier hall 
temoved and touched against the discharging bail, again 
replaced, and the répulsion at the same distance again 
observed. 

By continuing thîs process we can observe the repulsion 
at fixed distances between quantities whose ratios are re- 
spectively Itol; ItoJ; ItoJ; Ito^; and so on. By 
this means it is found that, making certain allowances for 
loss of charge, the repulsion at a constant distance closely 
approximates to the law above given, and on increasing the 
distance, the law is found more and more nearly tnie. 

By âxing a vertical wire in the balance to prevent 
the indicator hall from flylng to the carrier bail, and first 
charging the carrier bail with négative electricity, the same 
law can be established for the attraction of oppositely electri- 
fied bodies. 
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56. ExpEBiMENT V. If constant charges of electridty 
he condensed in two points, and the distance between. ihem 
varied, the force of attraction or repulsion ts found to vary 
inversely aa the square ofthe distance. 

Tbb is shown by Coulomb's torsioa balance aiso, by 
varyÎDg tbe distance of the conductors iostead of tbe charges. 
It migbt also be inferred trom the foliowing considérations : 
Let a hoUow spherical shell be chai^ed with electricity. 
From its symmetry of shape it is clear that the distribution 
of electricity over it will be uniform, and the amount on any 
élément of its surface therefore proportional to its area. 

Now, referring to Art. 38, we see that if we wish to find 
the electrical force at a point within an electrified sphère 
we divîde the suriace up into opposite pairs of éléments 
AS, eu, and then assuming the law of inverse squares, 
prove that there is no force at that point. But if we suppose 
the law of the force unknown and caÙ it the inverse Mth power 
of the distance, the attraction exerted by the pair of opposite 
éléments on (see fig. 7) will be (towards A) 
mass-djB' mass CD ' 

n , mass AB' mass Ciy , 

^ OA' " OC ^ suppose. 

Hence the attraction on towards A 

If II > 2 and OA <0Cthi3 resuit will be positive, or there 
will be an attraction towards the nearer side of the sphère. 
If n < 2 or négative the resuit is négative, showing that there 
will be a résultant attraction towards the more distant side of 
the ephere. 

The whole attraction on the internat point can therefore 
only vanish when n exactly equals 2, i.e. for tbe law of the 
inverse square. Tbe metbods of detecting electrification are 
so much more délicate than any measnrement by the torsion 
balance, that this constitutes the most reliable proof of the 
law, sioce we know as a fact that there is no electrical force 
anywhere within a closed electrified sphere.t ,, >, n'|c 
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57. To make our unit quantity of electricity symmetrical 
with our other unita we adopt the foIIowiDg deSoitioDS ol 
electrical quantity and density. 

Def. Unit Quantity of Electricitt, The unit of 
ehctridty is svch a quantity, that if condensed in a point 
shall exert a unit of force or one dyne on another similar m 
placed at a distance of one centimètre from it. 

This is only an abstract définition since electrification is a 
property of a surface, never of a point, and no finite quantity 
of electricity can be ever condensed in a point. We shall 
notice presently a more concrète définition of one unit. 
Sinee electrification is tlie property of a surface, we need 
aome mode of expressing the degree of electrification of the 
surface, and this can be done convenientiy by meana of 
electrical density. 

Def. Elecirical Density. Electrical density is a 
ierm used to dénote the quantity of electricity on a surface per 
square centimètre. 

Thus if a surface of area s be electrîfied uniformly witb a 
chaire g-, and if ^ be the density at any point, 

p = ^0T,q = p8. 

If the surface be not uniformly electrified we define density 
»s the quantity which would be on a unit of area suppo&ing 
the density uniform and of the same value as at the point 
under considération. 

58. We bave in thèse définitions carefully avoided any 
theory as to the nature of electricity. 

On a fluid liypothesis the quantity measurea the whole 
unouQt of electric fiuid, and the density the depth of the âuîd 
layer at any point. 

59. It is usual to refer to the electricity which appears 
on the plate and prime cortductor of an electrical machine as 
fosHive, while that which appears at the same time on the 
nibber or négative conductor is called négative. The pro- 
priety of thèse terma appears if we remember (Exp. 2) that 
the amounts developed always neutralise each other. This is 
convenientiy expressed algebraically by saying that if quanti- 
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ties ^ and q' of electricity are developed from a neutral body 
by fnctioû or otherwise q + q' = always, Further, we hâve 
shows that if two similarly elcctriâed particles contaÎDÏDg 
quantitiea q and q' of electricity (bolh + or both — ) be placed 
at a dietauce r from each other, tbere is between them a ré- 
pulsive force laeasured by ^ , while if the quantitiea q and q' 
be one positive and tbe otlier négative, there is an attractive 
force measured by ^ . Generally we may say that between 

any two quantities q and q' there is a répulsive force, remem- 
bering that wben tbe product qq' is négative the repulsion 
becomes négative, and négative répulsion is the same as 
attraction. 

60. Having establisbed the fundamental proposition that 
between two quantitiea q and q' of electricity condensed in 
points at a distance r from each other there ia a force measured 

by *5- which is répulsive if this product be positive, and at- 
tractive if it be négative ; we can apply ail our propositions on 
Potential of attracting matter to Potential of an electrical 
distribution. 

We ehall only bave to substitute in our original definîtiODS 
the unit quantity of electricity condensée, in a point for the 
gramme. 

Our Définitions for the electrical field will then be as 
follows : — 

1. Field of Electric Force is the dielectric by which any 
positive electrification is separated from the complementary 
charge. This is clear since if the dielectric did not exist the 
Field would instantaneously be reducedto zéro by conduction. 

2. Lines of Force are Unes in the field such that the 
tangent at each point shows the direction in which an 
electrified particle placed there would be urged by the Electric 
Force. Since a positively and negatively electrified particle 
will be urged in opposite directions along the Une of force, it 
is convenient to define the positive direction of the Line of 
Force as that direction in which a positively electrified particle 
will be urged. 

i-.<i",G(Hinlc 
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3, Strength of Fiéld at a point, or as it is often expressed 
Electric Force at a point, is the force on a particle charged 
witb a unit of positive electricity if placed at the point. 

The particle charged with a unit of positive electricity 
will be referred to as a plus unit (written ' + unît'). 

4. Différence of potential at two points in the field is 
meaaured bj the work done in carrying a + unit from one 
point to the other in the field and is independent of the path 
puisued from one point to the other. 

If the electrical systera consist of electrified partieles at 

points Aj, A^ holding quantities of electricity q^, j, 

reapectively, and if there be two points P, Q so tbat 

PA=r^, PA^ = r^ QA^R^, QA^ = R, then the 

différence of potential at P, Q is (Art. 39) 

<k-iX-^> =M-^-î)-. 

If thia expression be positive, P haa positive potential to 
Q, or work lias to be done to bring a particle from Q to 
P, and if this expresaion be négative, P is said to hâve 
n^;ative potential to Q, so that work has to be done to bring 
the particle up from Pto Q. When P is positive to Q,iÎ0> 
channel of communication were opencd P and Q would 
instantly be brought to the same potential. This is commonly 
expressed by saying that Electricity flowa from P to ^, 
this being the direction in which + Electricity appears to move. 
If P were négative to Q the flow of electricity under tie same 
circumstances would be in the opposite direction, This con- 
vention ia clearly in accordance with our analogy of difiference 
of level, eioce water would always flow from a place of higher 
to a place of lower level if a communication were opened 
for it quite independently of the absolute level of the two 
places. 

5. Absolute Potential at a point. If the point Q is so 

Aiatant from ail parts of the system that every -^ may be 

Mglected compared with every - , then we may neglect the 
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-„'3 altogether from tfae expression and we hâve S " for tbe 

différence of potential between P and any point whatever 
very distant from the System, If this potential be positive, 
it will require as before work to be done to bring up tEie 
+ unit from infinity to the point P (the force being répulsive 
on the whole) and if it be négative work bas to be done to 
cany the + unit from Pto infinity or eut of the field of force 
(the force being on the whole attractive). 

61. Premising thèse extended définitions, we proceed to 
deduce Bome important results. 

Prop. L The potential over tbe ^sniface and within tbe mass 
of an elodiifled eondnctor is constant 

This follows from our first eiperiment : for since there is 
no electrical force within the charged conductor there can be 
no change of potential, or, in other words, the potential is 
constant. That the potential is constant within the mass of 
any conductor, might be taken as the définition of a conductor, 
since if a différence of potential existed between any two 
points within it, there would be a field of force within the 
conductor and it would therefore not be a conductor. 

Cor. 1, The surfaces of ail electrified conductors are 
equipotential surfaces, and lines of force eut them at right 

This is equally true, whether the distribution be free or 
induced. When ïree the attraction exerted by the electrical 
distribution on an imaginary electrified particle placed any- 
where within the closed electrified surface wiU be nil. When 
induced by other electricity extemal to the electrified surface, 
the force exerted on the im^nary electrified particle within 
the surface by the induced electrical distribution, will be 
exactiy equal and opposite to the force exerted by the inducing 
System. If the inducing electricity be within the closed 
surface the same proposition is true with a limitation which 
is only apparent. If the enclosing vessel be insulated we 
bave a charge {— Q) induced on the inner surface of the 
vesael and a charge (+ Q) on the outer surface. If now the 
conductor be put to earth there will be no electrical force 
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throiighout tbe maaa of the vesael or the dielectric which 
surrounds it, and in this case the force on an imagïnary + unit 
aoywhere outside the inner surface of the vessel wîH be nil, 
that due to the indnced distribution being equal and opposite 
to that due to the induciDg electrification. If the envelope 
be not to earth, the distribution (+ Q) on the outer surface of 
the vessel will be distributed accordiiig to the law of a free 
chaige depending only on the fonn of the surface and not at 
ail on the internai electrical Bystem. The exception is merely 
apparent since we bave throughout neglected the conaple- 
inentary distribution to the original charge of the body which 
would be distributed Oïer the walls of the room and held to 
theîr inner surface by the induction of the charge (+ Q) set 
free on tbe outer surface of tbe vessel, We hâve therefore two 
complète electrical Systems (each consisting of equal and oppo- 
site quantities of electricity) cocxisting together, onc within 
the vessel and the other without it, each separately producing 
constant potential throughout the mass of the vessel and each 
producing uniform potential thiough the field of the other, but 
otherwise quite independent each of the other (see Prop. IV.). 

Cor. 2. The law of denaity on a freely electrified con- 
ductor is the same as the law of thickness of a film of matter, 
which exerts no attraction on an internai point. 

Cor. 3. Whenever a différence of potential exists be- 
tween two bodiea, which are connected by a conductor, after 
8ome time, short or long, equality of potential is established. 
This is said to take place by a flow of positive electricity 
from the place of hîgher to that of lower potential. Its spécial 
investigation we defer till we consider electricity in motion. 

62. Prop. n. Tlie strengtli of fldd or electrical force per 
-K nnit jnst ontdde a conductor electrified either treely or by 
induction at a point where the denslty is p la iap. 

If we take a small tube of force originating in the surface 

of the conductor, whose area of section is a-, and the force 
over which is F, tben F<r is constant throughout the tube, 
and on passing through the electrified surfitce changes by 
i^rpa: But within the conductor .Fvanishes, and hence just 
outside the conductor F<r = inrptT or F=iTrp. 
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This might alao be proved by considering the force withiti 
and without, near a small élément of tbe surface, taken near 
the point under coosideration. 

Suppose AB such an élément, and let P, Ç te two points, 

Fig. 16. one just inaide, and the other just outside 

^ ^ the surface. We may then consider the 

--■ ^p"^ attraction of AB, and the rest of the con- 

( ^ ductor ACB, separatelj from each other. 

^ It is clear that AB exerts on a 4- unit* 

at P a force equat and opposite to that of ACB, and since 
AB may be treated as a flat plate, uniformly electrified, this 
force ia 2jr/) inwards. 

Again, tbe force exerted by the part AGB on a + unit at 
Q is the same as that which it exerts on P, and the force due 
to AB on a + unit at Q is sîmilarly 2Trp outwards. 

Hence, the total force on a + unit at Ç is 2Trp due to AB, 
and aiao 2irp due to ACB, both outwards, or the whole force 
on a + unit just outaide the conductor is érrp. 

CoB. The force which an electrified conductor exerts on 
any portion of its electrification is normal, and at the rate of 
lirf? per unit of area. For considering the élément AB, the 
force due to ACB on a + unit at any point on AB ia lirp, and 
the quantity of electricity on AB is pcr, if o- be the area of 
the élément AB. Hence tbe whole force on the electrification 
of AB is 2ir/)*(r, Hence the force exerted on the electrifica- 
tion of AB is at the rate of 2trp' per unit area. 

63. Frop. m. It a tnbe of force eut throngli two oppositely 
electrified sni&ceB the anantities of electricity on its two ends 
are eaual and of opposite slgn. 

For supposing F, a- to represent the force per + unit and 
area of section at one surface, and F', a the force per + unît 
vmasu/reà in same direction and section of tube at the other 
surface, 

F.T = r<r'. 

* It maet be imâerstood in this and other cases 'where we aie oonsideriiig 
ttie strengtb of a field the -i- unit is imaginary, tor were it placed at the 
point it would induoe a distribotioa of electricity over the surface in addition 
to that whoee eflect we are consideriog. 
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But F= 4^p, if p be the densîty on one aurface, 

F = — 4rTip' , if p be the density on the other surface ; 

',■ éwpff = — 4wpV ; 

': pa = — pu', 

orq = -q', 

where q, g' are the quanttties of electricity on the two surfaces 

respectively. 

61. Prop- TV. A cIoBdd condnctlsg shelI screenB completsly 
from each otlier the flelds of force dae to electiical sepuratlons 
made on opposite sides of it. 

Suppose in the figure vfe hâve a hollow conductiug body, 
and let there be within its Fig. 16. 

inner surface de/ one system 
of electriBed bodiea a, b, c, 
and also wîtbout its outer 
surface DEF another System 

A,B.a ®* 

The System A, B, G will 
brmg the surface DEF to a 
constant potential and both 
the substance of the con- 
ductor and fcbe space inside it will be at that same potential. 
Hence there is no field due to ^, B, within the conductor, 

The System a, b, c will hring the surface def to a constant 
potential and the whole conductor and space outside it will 
aa Êir as they are concemed be at that same potential. Also 
if the electrical séparations be made within de/ the total 
electrification of a, b, c and the surface def will be nil, and 
there will be no complementary charge on DEF. Hence the 
field of force due to a, 6, c will be enclosed by the surface de/ 
iDd will bave no existence outside it, 

Hence we bave two fields of force quite independeiit of 
each other ; that due to a, 6, c inside the hollow conductor and 
that due to A, B, G outside it 

Cor If the conductiug shell be connected with the earth 
it will be always at zéro potential and the two electrical 
Systems a, b, c and A, B, G within and without wili be wholly 
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screeced from each otber nhether tbeir total aaiouats vatiish 
or not. 

65. We can now explaln why the potential of the earth 
both for practical and theoretical purposes may be most 
conveniently chosen as our zéro of potential. Since ail 
electrical experiments (escept those on atmospheric elec- 
tricitj) are performed in rooma which are simpiy liollowa in 
a large conductor (tbe Earth), ail our fields of force will 
(Prop, IV.) coDstst of the space between our instruments and 
the walla of the room where the experiments are made, thèse 
walla being condueting and being eut at right angles by the 
Unes of force which terminate in them. Hence no work will 
be done by the electrical System inside the room if the 
+ unit be carried about outside the room, and the work done 
in carrying it from the walls to a point inaide the room is 
exactly the same as that which would be done in carrying ît 

from inlinîty to the same point The expression 2 - (see 

Art. 60), supposing the summation to include the comple- 
mentary distribution on the walla of the room, will be the 
différence of potential between tbe walls of the room and the 
point under considération. Making the earth our provisional 
zéro we may therefore apply with the highest accuracy ail 
our formula; derived from the hypothesis of an absolute zéro 
at an infinité distance from ail electrification. Of course 
extemal to the room there may be a field due to the earth's 
electrification, but tbe last proposition shows that thia field 
ia quite indépendant of that inaide the room, only raising or 
lowering the potential of the room and everything in ît by a 
certain amount, so that as far as the electrical actions inside 
the room are concemed we raay treat our electrical séparation 
as the only one in the universe*. 

■ Tbe analoBj noted above between potential and température is TOry 
notioeable in relation ta electrostatio potential. Jnst as température at a 
point Ëipreaaea a certain condition in relation to heat, so electrostatio poten- 
tial at a point espreaaes the condition at that point in relation to electricit;, 
Juat as we should paas throngh our lives without anj sensible knowledge o( 
température if we always lÎTed in a médium whose température waa the same 
or sensibly the same as that of our own bodies, so we do pass throngh our 
lives without anj eensible Imowledge of potential, becanse we and our snr- 
rotindîngH are alwaya at the aame potential as the earûu. If our bodies aie 
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66. A body will hâve positive or négative potential 
aecording as it is positive or négative relatively to the earth. 
This must be clearly distinguisbed from a positive or négative 
electrification, sioce a negatively electrified body may hâve 
positive potential owing to being placed in a région wliere 
there ia, owing to otber electricity, a numerically higher posi- 
tive potential than ita own négative potential, and vice versa. 
A positively or negatively electrified body ia one whicb nben 
aeparated to a great distance from ail otber conductors is 
respectively positive or négative to tbe eartb. 

67. If we bave an electric System in a room whicb is 
very large compared to tbe greatest dimensions of tbe System 
we may often neglecfc entirely for points near tbe aystem the 
action of the complementary charge on the walb of tbe room, 

tbe potential 2 - only including the chaîne of the system 

itselC In tbis case the body is said to be freely electritîed. 

68. Frop. V. If one distribution of electricity make the 
potential Vg ai a giren point, and anoUier dlatribntion over tlie 
same system make tbe potential V» the potential due to the two 
distributions wUl be Vp+Ti. 

For if there be quantitiea of electricity at a point distant 
r from the given point, ç, and q^ corresponding to tlie poten- 

tials V^ and V,, the term in the total potential corresponding 

to thèse will be — — "' or ^ + ^^ , and since this will be true 

r r r 

for each élément, it will be true for tbe siim, and we shall 
haïe the wbole potential 



«ver in a région where there is a rapid change of poteDtiïl, va become swore 
d[ it bj tlie érection of otir haira, \>y a tickliog seDBation on onr skin, and by 
ei^Qg o£F of spaiks when we approach badiea at a diCfËroDt potential to our 
own, and by a shock tbrougli our nervoQB and muaoular syatem (whioh often 
Tcsnlts in deatb) if for an instant diâerent parta of our bodies are at a large 
différence of potential. It ia only the propnity that ail eondnotors are equi- 
polential thioi^liout that makeB the appeal to the aenaea leas underatood ia 
electricity than in heat. 
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CoE, If the potential of a conductor due to a certain 

3uantity Q of electricity be V, the potential due to nQ 
istributed according to the same law will be nF. 

69. Prop. VX. There cannot be two différent laws of distrl- 
Initicm of electiicity on a given conductor. 

1. For afree distrihution. If possible, let there be two 
such laws, then tbey must botb produce a constant potential 
within the conductor. Hence, if distributions accordiDg to 
the two laws be superimposed on eacb other, the combined 
distribution will produce a constant potential within the 
conductor, Let now equal amounts of positive and négative 
electricity be spread over the surface according respectively 
to the two laws of distribution referred to. At parts they 
ueutralize each other, and at parts there îs an excess of 

Sœitive electricity, in otbers an excess of négative electricity. 
ence a free distribution, partly positive and partly négative, 
produces a constant potential within the conductor, a resuit 
obviously absurd. 

2, Foraninduceddeclrifioatîim. Ifwereverse thesignof 
electrification in each body,di5tributing the positive electricity 
according to one law and the négative according to another, 
we shali hâve a system of bodies, the total electrification of 
each being nil, with eiectrifications partly positive and partly 
négative over the surface of each. This is clearly an im- 
possible distribution, since each body would instantaneously 
become neutral. 

70. We will now investigate the relation between the 
charge and potential of a conductor. To do this we first 
défi ne capacity. 

Def. Capacity. Th£ quantity of electricity which will 
hring a conductor from zéro to unit potential, is defirted to he 
the capacity ofthe conductor. 

It is clear that the capacity of a conductor dépends not 
only on the conductor itself, but on ail surrounding electri- 
£ed and unelectriSed bodies. 

Prop. Vn. If be tbe capacité of a coadnctor removed ih>m 
aU other condnctors which la raîsed fïom zéro to potential V by a 
charge Q.of electricity, Q=OV. 
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For siuee the electrification of the conductor can be only ac- 
cording to one law, it is clear that each incrément of the charge 
\S spread over the conductor according to the same law, and 
the density at each point is altered in the same ratio. Hence 

the sum X - or the potential will be altered in the same 

ratio, or the change in V ia alwaysproportîonal to the change 
in Q. But when V=1,Q = C. Hence Q = CV alwaya. 

Cor. It followa that if a conductor be in a région 
at potential V^ aad be brought up to potential V, the 
quantity of the charge îa C{V— V„), since tbe potential 
without any free chaire ia F„, The potential of a body so 
electrified, examined by an electrometer entirely in the 
région at V^, will be V— V^, but examined by an electro- 
meter with one pôle to earth it will be V. 

71. Frop. VUL If a distribatlon of electricitr over a closed 
Borùtce prodnce a force at every point of the snrfoce perpen- 
dicnUr to it, tlils distribution Till produce a constuit potential 
at ereiT point vittaiu the surface. 

Sinee the résultant force at any point bas no component 
along the surface, the rate of change of potential along the 
surface vaniahes, and the surface is a surface of conatant 
potential. 

If the potential at every point within the surface be not 
the same, draw within it a System of equipotential surfaces 
and tubes of force. The equipotential auifaces can in no 
case eut the surface of the conductor, since the linea of 
force are everywhere perpendicular to it. Hence, as we 
proceed inwarda, the successive surfaces must conatautly 
(liminish in area, and at last vanish. Conceive now any 
tube of force proceeding from the surface inwards. Through- 
out it Fer is constant, and at Rome point within the surface 
<r muBt vanish, and at this point F muât be infinité. But F 
can only be infinité at a point indefinitely near to another 
point, having a finite quantity of olectricity, and hy sup- 
position such a point does not exist withiu the surface. 

Hence we see that the distribution on the conductor is a 
possible one, and Prop. VI. shows that it ia the only one. 
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72. Piop. IZ. If aa «auipotential surface Iwlongiiig to ta; 
electiical sTstem be drawii, and a distribntioa of electricitr Iw 
made orer that rar&ce snch that the density at each point is 
2~, whera F la the resnltant force of the system at that point, 

then thia electrificatlon wlll be in eanlUbrinm and will prodnce 
on ail eztemal electrifled particleB the same force as the given 
electrical system or part of the sTstem enveloped by the snrfoce. 

For let jiBC.be a System of electrified particles, and 
fig, 17. let PQR be an equipotential sur- 

.Tv face whieh we will /rsf suppose to 
enclose the system. 

Replace for a moment PQR 
by a conductiug surface com- 
municatiog with the earth which 
therefore neutralizes any distri- 
bution on the outside surface PQit 
The distribution on the ianer sur- 
face PQR will screen an extemal electrified partiele W 
from the attrtiction of ABC... (Prop. IV, Cor,). This can 
only happen througb a distribution of electricity on PQR, 
whicb produces on W a force exactly equal aud opposite to 
that produeed by ABC... (Prop. I. Cor. L). Weshaîi suppose 
W to contain a + unit of electricity. 

Let QOW W be close to the surface, say at P. The ré- 
sultant force F of ABC will hère be perpendicular to the sur- 
face. Hence the résultant force due tô the induced charge 
will also be perpendicular to the surface and will equal — F, 
and this will be true for each point on the surface : and there- 
fore by the last proposition this iuduced distribution îs ac- 
cording to the same law aa a free distribution. But for a 
free distribution of density p the force just outside is 4wp, 
hence for the electrical force just inside 

F 
-F = 4wp, or p=-j^- 

This gives us the density of the induced distribution. 

I£ we now distribute electricity over PQR, whose density 
at each point is + ^^ , we clearly get a distribution wbich 
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produces ou W a, force the same in amount and direction aa 
the orignal distribution ABC, and this distribution is a &ee 
distribution. 

Hence we may remove tbe original aystem ABC... and 
replace it as far as actions ovtside are concemed by the equî- 
potential surface electrified, ao that its electrical density at 

F 
eacli point is 7- . 

Next suppose the equipotential surface to pass between 
two parts of the System, and let A, B represent the two parts 
which are external and internat respectively. If the surface 
be replaced by a conducting surface which is to Earth, there 
will be two indepeudent distributions, that induced by B on 
inside and that induced by A on the outside. Consider the 
distributioa induced by B. It must neutralize the action of 
Bon ail external electrified particles. Hence this distribution 
reversed in sign will give the same streDgth of field as B 
at ail external pointe. This distribution tt^ether with A 
will therefore give the same strength of field at ail eztemal 
points as the whole system A, B, i.e, it will give a force every- 
where perpeudicular to the electrified surface. Hence (Art. 
71) this distribution is equipotential and (Art. 62) the density 

at each point is measured by -7— , where F is the résultant 

force at the point ou the surface measured outwards. 

Cor. 1. The total amount of electricityin the distribution 
will be equal to that in the part of the System enveloped by 

the surface. 

Cor. 2. 

produces equal potential throughout the conductor, it must 
be the distribution induced by A on the conducting surface. 
Hence the distributions due A'a and B's induction are at 
every point on the surface equal and opposite. 

Cor, 3. It foUowa that if we hâve any non-eonducting mass 
and any system of electrified conductors distributed within it, 
the résultant force on any external electricity can be repre- 
sented by a distribution of electricity, partly positive and 



66 APPLICATION OF POTEKTIAL 

raitly négative, on the bounding surface of the non-conductor. 
For if we for a moment conçoive ihe boundiag euiface 
conducting and connected with the earth a charge will he 
induced which ecreens the electrified bodies inside from 
ail extenial action. If thia charge be reversed in respect of 
positive and négative and spread over the surface of the non- 
conductor, this distribution satisfiea tbe condition of the 
problem. 

73. We hâve sbown (Art. 72) that when an equïpotential 
surface passes between two parts A, B of a system so as to 
envelope B, a distribution of electricity whose law of density 

is -r— gives at every extemal point a strength of âeld equal 

to B. For this reason B is called tbe electrical image of the 
electrified surface at ail extemal points. Similarly a distri- 
bution whose density is —-7— gives a force equal to A at ail 

pointa within the surface, and A is therefore the electrical 
image of this distribution at ail internai points. 

Def. Electrical Images. An electrical image of a 
distribution of electricity on a given surface is a point or 
serins of points on one side of the electrified surface, which 
if chargea with certain quantities of electricity and suhstituted 
for the electrified surface uiould produce on the other side of 
that surface the same electrical action as the actual electrifi- 
cation does produce. 

If we apply this to a aingle electrified particle we see tbat 
(its equipotential surfaces being sphères) we may substîtute 
for the electrified particle an equal distribution over any 
spherical surface which bas the given particle for centre, and 
the action of the electrified sphère at ail extemal points will 
be identical with that of the electrified particle. This gives 
us an indirect proof of the proposition that the attraction of a 
freely electrified sphère on any extemal electricity is the 
same as if the whole electrîfication of the sphère were 
condensed at its centre. 

We defer tiil next chapter the considération of some 
problems in eleeU-ical images, a method due to Sir W.Thomson, 
and which bas in bis bands led to tbe resolution of many 
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problème of the higheat order of difficulty. (See papen on 
Electrostatics and ME^etiam.) 

74. Frop. Z. To detetmine tbe law of densi^ otoi a freéljr 
elMtrifled Bni&ce. 

We hâve alresdy indicated (Prop. I, Cor, 2) the meane by 
wfaicb this can be done, but in almost everj particular case 
the analysis bafflea ua. 

The only method practically useful ia indirect and dépende 
on the principle of electrical images. We draw a number of 
equipoteotial surfaces for Systems of particles with différent 
relative amounts of electricity. From such surfaces we sélect 
one which moat nearly corresponds to the condnctor in ques- 
tion, Calculating tbe force at each point on the surface and 
dividing by 4ir, we get the law of uensity at each point of 
the free electrifieation. 

We can however lay down one gênerai nile, that the 
electrical density of a free electrifieation is always greatest 
at places of greatest curvature. For it appears from the 
figure that if we take a tube of force, start- Fig. 18. 

mg from a smaU area, tbe greater the 
curvature in the neighbourhood the more 
rapidly will the area of the tube increase. 
But sÏQce througbout a tube of force the pro- 
duct Fit is constant (Chap. II, Prop. VI,), 
we see that if <t increases rapidly eîther F is very large near 
the surface or diminisbes rapidly as we recède from it. New 
we know the latter not to be the case, since as we recède the 
force tends to become equal at equal distances (Chap. II. 
Prop. XII.). Heuce we conclude that near a place of great 
curvature Fis very great, and aince J'=4wp jnst outside the 
surface it follows that p, the density, is aiso veiy great. 

Similarly at a point or an edge it follows that the density 
will be tbeoretically infinité. 

In this case the tube of force starts from Fisc. 19. 

a zéro base, and that Ftr may be constant F 
must be infinité at the point or edge, or else 
Fff must Yaniab at ail distances. As a mat- 
ter of fact there ia no such tbing in nature 
as a point or an edge, the parts we call such 
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being in reality rounded off. Even if a point did exist we 
know that the density could not be iofiDÏte, since the.air would, 
under high teosion, cease to be an insulator, and would conduct 
away the electricity. This doee, in fact, explain tbe glow 
always seen in the dark at sharp points when electrified. 

75. We hâve hitberto referred to electrical actions as 
taking place in air, and assuming that the efTccts might be 
represented by acttoo at a distance, hâve made no référence 
to the dielectric across whlch thèse actions take place. This 
was the unîversally accepted view on the subject till Faraday 
by a séries of expérimenta established the theoretical resuit 
that ail actions apparently at a distance are the outcome of 
actions taking place in the întervening dielectric, and also that 
tbe nature of the dielectric influences the amount of tbesc 
actions. 

To explain Faraday's Theory of Inductive Action we must 
conceive the air or other dielectric to consist of a number of 
conducting molécules, separated from each other by layera of 
insulating materiaJ. We may perhaps represent the médium 
as consisting of a number of small metallic shot bedded in 
and kept apart from each other by shellac. If now we con- 
ceive a positively electrified conductor surrounded by such a 
médium, the effcct of the electrification îs to separate the 
electricities in the layer next the body, each shot acquiring a 
positive and a négative pôle, the négative pôle being directed 
towarde the conductor. This layer of shot produces an 
exactly similar electrical séparation in the layer next to it, 
and so on through tbe wholo dielectric, the pôles of the con- 
sécutive molécules always being along the Unes of force. The 
degree of electrical séparation in each molécule dépends on 
the amount of the original electrifi cation, to which the whole 
amount separated over any equipotential suri'ace is equal, 

It is easily ehown that the amount of electrical séparation 
across any equipotential surface bounded by a given tube of 

force îs measured hj ±-j-~F<r per unit area. F.or if the sur- 
face become conducting and Q be the quantity of electricity 
on the base of any tube of force originating in the conductor, 
- Q will be (Art. 63) separated inwards and + Q therefore 
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ontwards. But if p be the density of the electrification on 

the base of any tube of area <r, Q = /w = j- (Art. 62) ; and 

since the product Fit ia constaot throughout tbe tube, F and 

a œay be measured for any equipotential surface the tube 

cuts. Âssumiug the same séparation to take place in the 

dielectrie as in tbe conducting surface îts amount wiil be 

^^^ 11 

± 7— over any small area a. 

We may express this by sayiog that the quantity 
separated per uuit of area acrosa any equipotential sur- 
face is ± 7—, an expression we hâve already found (Art. 62) 

for the density of a free electrification. 

Tbe médium îs by this means put in a state of strain, the 
lines of strain being the Unes of force. The médium when 
strained tends to retum to the normal state by a discharge of 
electricity from molécule to molécule, and tbe greater or less 
facility with whicb this is effected constitutea better or worse 
conduction. A good conductor cannot witbstand a very 
small strain, while a good insulator only yields to a very 
violent strain. Ail bodies in nature fall between tbe limita 
of a perfect conductor and a perfect insulator. 

We proceed to consider tbe effect of changing the dielec- 
trie on tbe electrical actions of a, sjatom. 

76. Frop. ZI. In any given System charged wlth a siveiL 
a?antit7 of électricité, the efFect of chaiiging the dielectrie is 
to alter tiie potential of ail bodies in tbe sTStem in a certain 
ratio. 

Take the simplest case, that of a conductor immersed in a 
médium and ireely electrified. Pig_ 20. 

Supposing the médium toextend 
to an indefinite distance round the 
conductor, the wbole efïect of the 
System of electrified molécules com- 
posing tbe médium may be repre- 
sented by a distribution of electricity 
over tbe inner surface of the die- 
lectrie (Prop. IX. Cor.). i.,<i ,G(Hinlc 
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AgÛD, aasuming the dielecthc to be electrically homcH 
geneous (îsotropic), or to hâve no electric polarity, we see 
tbat a change in the dielectric cannot produce any change 
in the fonn of the eystem of equipotential surfaces. ^ 

The only effect tberefore of changing the dielectric is to 
alter, in a certain ratio, the effective electrification at each 
point. Thus iî p he the density at any point on an electii- 
fied conductor, conceived apart frora any médium, the effec- 
tive deusity on that point, when immersed in one médium 



j^7, where K and K' are constants depending only on the 
média. 

Again, eince the potential at any point is 2 - , which is 

the same as S ^ , where p ia tbe density on a small area a; it 

y 
is clear that the potential V when in mediam A hecomes -^ 

V 

and when in médium B, ~ . 

This proves the proposition for a conductor freely electri- | 
fied in space, and the same method of proof can clearly be 
extended to any System of electrified bodies whatever, since 
in that case the whole system of equîpotential surfaces mnst 
remain the same, and that can only occur when the electri- 
fication ia eveiywhere altered in the same ratio. 

77. If we bave the same conductor immersed fîist in a | 
médium A and then in a médium B and brought from zéro 
up to the same potential V, the quantities of electricity are 
in the ratio K to K'. For in the médium A the eSective 

quantity is ^and therefore ^= CF and Q= CKV. Simi- 

larlyîn the médium B,Q= GK' V. Hence asQ-.Q' :: K : K. 

The ratio K Xo K' for the two média A and B is called 

the ratio of their spécifie inductive capadMes. Since we know 

nothing of the behaviour of a conductor removed from any 
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. Dediiim we can only compare diSerent média. Our standard 

. i référence is air, and its spécifie induction is taken as a 

mit and the capacities of ail other média compared with it. 

Faraday has shown experimentally tbat tbe spécifie induc- 
live capacity of ail gases wbatever at ail températures and 
pressures is the aame, and it ia this circumstance, combined 
with its excellence as an insulator, which makes air so con- 
Tenient as a standard. He also found tbat for ail the soUd and 
lîquid dielectrica he experimented on tbe spécifie inductive 
capacity was greater than for eût, 

Dbf. Specific inductive capacity of any dtelectric is 
(Àc ratio of the charge on a conductor immersed in it to the 
\ charge on the same conductor raised to the same potential 
in air. 

In our future investigations we sball, unieas the contrary 
is stated, assume ail actions to take place in air, our formulÉe 
tben being identical witb tbose proved for action at a distance, 
and in auy case where tbe dielectric ia diÉferent from air we 
shall simply hâve to multiply the capacity of each conductor 
by the specific inductive capacity of the dielectric in question. 

78. Frop. XQ. To calcnUto the e&ersr exerted in chaiging 
any conductor. 

By définition the potential ia the work done in bringing 
a + unit of electricity from zéro up to the given potential, 
and if Q units of electricity be brought up from potential 
zéro to potential F, tbe energy exerted is QV. Tbis however 
is ouly true on the supposition tbat the whole amount of 
electricity at potential k is so large tbat tbe addition of the 
quantity Q does not sensibly raise the potential. If, how- 
ever, Q represent the whole charge we sbould infer that the 
enei^y would be J QF, aince at the beginning the potential 
is at zéro at the end at F, and consequently the average 
potential is ^ F and the wbole energy exerted ^ QF. 

We may show tbe same resuit by tbe graphical method 
(Art. 6, Fig. 2) representing quantities by abscissse and 
potentials by ordinates. Since tbe rise in potential is in a 
constant proportion to rise in quantity the extremities of the 
ordinates are on a etraight Une. If we now suppose tbe 
charge made by successive small quantities and construct the 
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coirespooding parallelt^rams, it is clear that the area of each 
parallelogram represents the amouiit of eoei^y ezpended in 
raising tbe quantity represeoted by its base to the potential 
repreBeated by ita neight^ Hence the whole energy is repre- 
eetited by the area of tbe triangle or ^ Q 1^. 

We give still another proof <^ ao algebraical kind of tbis 
very important jH'oposîtioH. 

Let the whole charge Q be communîcated to a conductor 
of capacity Chy n différent charges each equal in amouat to 
q, 80 that Q = nq. 

The potential of the fîrst charge î =* ^ and energy = f^ , 

1 _v 

' ~ c ' 

r ~ c ' 



..second,. 



third 

and so on. 



»' -1 -^- 

Hence the whole energy exerted in charging the con- 
ductor 
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New if the successive charges be made sufficiently small, and 
the number of them sufficiently greafc, - may be neglected, 

and we get as before for the whole energy expended in charg- 
ing the conductor ^QF, 

The principle of the conservation of energy shows us that 
the energy which runs down in the discharge is equal to the 
energy which is exerted in the charge, or we may prove it in- 
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dependently by aasuming the discharge to take place by a 
séries of n discbarges of quantity q. 

The Bum of the CDergy whicii runs dowQ in the successive 
discharges will be 

G ^ C ^^ B S+-+ î 

C 2 '0 

C 2Cr ni 



=S(-i)- 



As before, if the number of successive discharges be sufii- 
ciently great the whole ener^ will be 

79. ïf we hâve any System of conductors charged witli 
given quaDtities of electricity, the energy expended ia chai^- 
ing the whole aystem is the sum of the énergies exerted in 
charging the separate conductora, ■ 

It might at first sight appear that the order in whîch the 
différent conductors of a system are charged would affect the 
energy, since each chaîne alters not only tbe potential of the 
body in question but inductively that of a!l other bodiea in the 
System. The conservation of energy shows however that the 
order of charge or discharge raust be on tho whole immaterial, 
as otherwiae by continually charging a System in one order and 
JiscbargiDg it in a diifcrenl order there would be a gain of 
energy, The same princip!e shows us that if we charge a 
System of conductors, insulate them and move them about in 
any way relatively to each other, the whole work done against 
electrirâl forces is the excess of the energy after the move- 
menta bave taken place over the energy of the system whe» 
first electrified, We shall illustrate the use of this priuciple 
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80. Frop. XIIL To investigste tha electriflcatlon of two «m- 
dncton snbject to each othei'B iadnctiTe influence. 

We will call the conductors A^ and A^. Let them be 
iDSulated and uncharged at first. Suppose now Â^ cbai^ed 
with a unit of positive electricity, and let its pot«ntial be 
called p„, and let the poteutial of A^ by induction of J, be 
^„, We will call p„ the coefficient of poteutial of Â^ on 
ibself and p the coefficient of potential of A^ on A^. If 
there be a charge Q, on j4, the potential of A^=p^|<Q^ and 
that of4,=p„Ç,. 

Next iet Aj receive a charge of oue unit of positive 
electricity and let its potential be p aud let the potential of 
A, by induction be p,,. Then if A^ hâve a charge Q, the 
potential oî A^ = p Q^ aod that of ^, =p^Q,. 

If the two conductors be then at potentiala F, and T, we 
bave by superposition of electriâcatious (Art 6S), 

wbich give the potentiala iu terms of the quantities of the 
seTeral electriiî cations. 

We can now solve thèse équations and obtain the charge 
of each conductor în terma of the potentials. We hâve by 
ordinary algebra 

Q P« . r + ^ . V„ 

P^-Pu -Pa-Pt, P.. -P^ -Pn Pu 

and 

e, ^ .r,+ £« .F, 

P„Pn-P-P„ l'a • Pi, -Pu Ri 

We will Write thèse équations in tlie form 
«i-î.i-I'i + fc-n. 

Q.-i^-K + i.K 

Hère q„ ia clearly the quantity of electricity wbich will 
bring A^ to unit potential when A^ is at zéro, and may be 
defined as the coefficient of aelf-induction of A^ or (Art. 70) 
the capacity of A^, q^ being similarly the coefficient of self- 
induction or the capacity of A^i g,, will be the charge induced 
on A^ kept at zéro potential when A^ ia at unit potential, 
and may be called the coefficient of induction of jd, on A^,q^ 
being similarly the coefficient of induction of A^ on A,. 
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81, Prop. xnr. To flnd ths eneigy of tlia «iMtrlfication of 
tlie Bystem of two conductors. 

If we hâve A^ chai^ed with a quaDtity Ç, and at potential 
F, its energy ia ^Q^V,. Similarly the eneigy of 4, with 
charge Ç, and potential 7, ia iv.F,. Henoe the energy 
espressed in terms of the quantity of charge 

- i«,(P„«, +?„<?,) + je, (P.A+PnQJ 

= ift, 8.' +!<?„ +?,,)«,«, + 4?,«,'- 

Similarly if expressed in terms of the potential the energy 

82. Frop.ZV. Toproretlutt Pu-=l^aBdqi,=(u,. 

The first of thèse easily follows by considering the 
energy added to the system by bringing up a small addition 
X, to the charge of A . 

Ueing the formula of preceding proposition the energy 
after the addition of ic, to the charge 

Eïpandîng and neglecting x* and subtracting the original 
energy we hâve the incrément in energy 

= {Pu<?. + 4(P..+i'..)e,la'.- 
But this must equal the work done in bringing x^ up to A^ 
at potential F, 

= F,a;, 

On comparing theae identical expressions for the increase of 

eneigy we see 

•■■P.i=P«- 

And on comparing the values of (^„ and ç„ in terms of ^'s it 
is at once seen that 

Interpreting thèse results we see that for any two con- 
ductors^,, A^: (1) the potential of -^, due to unit charge 
oa A^ equals the potential of A^ due to unît charge in A^ : 
(2) the charge induced in A^ kept at zéro b^ j4^^aijt unit 
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potential equals the charge induced in A^ kept at zéro by 
A^ at uait potentîat. 

Thèse reciprocal theorems ia electrificatioD are due to 
Sir W. Thomson aod Helmboltz. 

Altbough we are unable without faiglier mathematical 
analysis to express the values of thèse coefficients except m 
the simplest cases, we eau prove one or two properties as to 
their relative values. 

83. Prop. XVL To prove tbat Pn is positive but less than 
«Ither Pu or p,,. 

For let AAte charged with a unit of electricity, A^ being 
uDchat^ed. Tbe potential of A^ is by définition p„ and that 
of ^, isp,^. But since lines of force proceed from A, to ail 
points of space some fall on A^, and sinee along a Une of force 
potential constautly decreases, the potential of A^ is less than 
that of A^ or y„<Pii. and because lines of force proceed 
from A into space, p^^ or the potential of A^ is positive. 
Similarlyp^ (wbich equals_p,,)<j)j,. 

84. Frop, XVII. To prove that q^ and q^ are positive but that 
qu is alwaTS négative, and that nomerically q^ is lésa thaa q,i 
orqjj. 

Observing the values of q'a in tenus of p's in Prop. XIII. 
we see that the signs of g„, q^ are determined by the sigii 
^^ PiiPn''(P\à>*' wbile tbat of g„ is determined by that of 
(p,,y—p,iP„; and by last proposition the former of thèse is 
Decessarily positive and the latter necessarily négative. This 
resnlt migbt bave been predicted from the gênerai principla 
of induction. 

It will also be noticed that g,, and q^ bave for their 
numerators p^ and p„ respectively, while g„ bas p„ for its 
numerator, the denominators being numerically tbe same 
througbout. Hence in virtue of the relation proved in last 
Article y,, is less numerically than ç„ or q^. 



Cor. If we assume q„^-C, q„=0+C^ and q„ = C+C,. 
C, C, and (7, being ait positive, the expression for the eneigy 

i (G+ c,)v;-ov,v^+nG+o;i î;* 
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Tbe methoil above adopted can clearly be extcndcd to any 
Kystem of conductors whatever. For tbîa the student ia 
refeired to Prot Clerk Maxwell's Electridty and Magnetiam, 

Chap. m., Ai-t. 85, &a 

S5. Prop. ZVZn. To Investigate the electriflcatlon of a 
condenser coludstmg of two snrfoces, one entirely BarTOnndlng 
the other, and brongfat to différent potentlals. 

Tbis is a particular case of the gênerai problem of two 
conductors solved in the last proposition. 

Suppose A^ entirely to surround Â^ and apply the 
formula 

Tbe following are the interprétations and relations of the 
coefficients of induction in tbis case : 

jj, = charge on -^, at unit potential when A^ is at zéro 
potential=U, which is called the capacity of the 
condenser. 

j„ = ç= charge induced on -4, when A^ is at unit poten- 
tial This will (Art. 63) = — 2», or - G since ail the 
linea of force from A^ intersect A^. 

j„ = charge on A at unit potential when A^ is at zéro 
potential. This would be equal to ç„, but for the 
induction from A^ outwards. This induction out- 
wards will be equal to the capacity of A^ for a free 
charge. Hence 

9'„ = î„+C' = C+0". 

Substituting 

The bound charge is therefore C(T'',— V,) and the free 
''"'S' °'^'- Coo.ilo 



78 APPLICATION OF POTENTIAL TO STATICAL ELECTRICITY. 
The eoergy of the electrification 

= j Gv; - CF, F, + cv; + \ cv^ 

= 10(F,-F^' + JCrF.*. 

Thèse two terms are reapectively the energy of the bound 
and free chaige. 

To find the force between the two aheeta of the condenser, 
we must Ërst find the work doue in tnaking anj small 
movement. During any movemeut F,, F, and C wîll be 
unaltered, if we suppose the surfaces kept at fixed potentials. 
The only variable will he C the capacity of the hound chaige. 
Hence tiie work done in moving A^ inside A^ from a position 
in which the capacity is (7 to another in which it is 0, 
= i{(7-C.)(F.-F.}' 

if ^ be the force against Trhicb the movement is made and 
X the distance through vrhich A^is moved ; 

.-. i?'=i^^.(F,-F,)'. 



conductor, and hence for any given movement of the two 
sheets relatively to each other we see that the force helping 
or resisting the movement is proportional to the square of 
the difiference of potential. 

If the différence of potential be maintained at unity the 
résultant force of one sheet on the other resolved in any 
^ven direction is measured by one-half the rate of change of 
the capacity in making the movement. 
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CHAPTEB IV. 

PR0BLEM8 IN STATICAL ELECTRiaiT. 

86. We hâve in the preceding chapter gîven démon- 
strations of the moat important theorems on wMch the 
science of Statical Eleetricity resta, and we now append a 
séries of problenas, manj of which are of the greatest im- 
portance to the practical eleetrician, while others are intro- 
duced with a view of suggesting to the atudent metbods by 
which other similar problems may be successfuUy attacked. 

87. Frop. L To flnd tlie potentlal at any point within a 
(pliae âre^ electiifled 'with a known anautity of electricitj. 

Let S be the radius of the sphère, and Q the qiiantity 
of eleetricity. Since the electrification is free, we may 
neglect ail terms depending on the complementary distribu- 
tion. 

Since ail parts of the electrification are at the same 

distance R bom the centre, the potential 2 - becomes at the 

centre -§■ = %• But the potential at the centre is the eame 

aa that throughout the sphère. 

Hence if F be the potential at any point within the 

sphère T^=|. 

To ând the capacity of the sphère, we hâve only to 
cemember that if F= 1, Q = ; 

.-. l = |orO=iî. 

Hence the capacîty is numerically equal to the radius. 
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We might therefore define unit capacity as the capacity 
of a sphère whose radius is one centimètre electriâed freely 
to unit potential. 

88, "tt'e now give a direct proof of the above pro- 
position. Let À PB be a spherical shell freely electrifîed with 
a charge whose densîty at auy point is p. 

Let he any point inside the sphère, and AOB the 
Fig. 21, diameter. We may conceive the 

sphère as generated by the révo- 
lution of a circle APÈ round the 
diameter AB. 

If we take two points PQ very 
near eacli other on the circle, and 
dtaw perpendiculars PM, QN to 
the diameter, it is clear that PQ hy 
its révolution traces out an an- 
nulus, whose radius îs PM, and breadtb PQ, every point on 
which will be assumed equidistant from 0. 

Join OP, OQ. GP ; draw QS perpendicular to OP, and 
join PQ, producingit to eut AB produced in T. Then PT 
will be the tangent at P, and will be perpendicular to CP. 
Area of annulus = 2trPQ , PM; 

PM PO 
.: potential of annulus = 27rp . — ' 

= lirp . PQ sin POC = ^irp --^^q- sm POC 

if a = radiua of sphère, andy = 00. 

Now ^nce OQS is a right-angled triangle, whose vertical 
angle ia exceedingly email, no appréciable errer will be 
committed if we assume OQ = OS, and make PS=OP- OQ. 

Hence the potential of the annulus 



Coo'ilc 
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If we add thèse successive dififereaces for ail tbe annuli 
of which we may suppose the aphere composed, we hâve for 
the potential of the whole shell 



which 18 indepeudeut of/, and therefore constant for ail 
internai points. 

89. We can now deduce the area of the sphère hy aum- 
raiog the areaâ of the elementary annuli. The area of the 
annulus formed hy the révolution of FQ 
= 2-7rPM.PQ 
= 2-!rOP.^QPOG.PQ 

PS 



= ^OP.smPOC. 



aQPO 



We may assume without error 20P = OP + OQ; 
.: area of annulus = ir ^ {OP* - OQ"). 
Adding up ail the annuli, the whole area 



Hence if the electrical distribution hâve a unifonn density 
p, the whole quantity 

Q=iwa'p; . ,„„„,,Gooylc 

c. E. 
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which agrées with the former reault 

90. Frop. n. To sliow thftt tha potential of a nniformly 
electrified spliericsl shell at any point wltbout it is the same 
as if the wbole quantity vere collected at ita centre. 

Making the eame construction as before, rememberiag 
that is now external, we hâve hj Art 88, 

Fig. 23. 




potential of annulus = — (v^ — 

= 2vp.PQBinP0C 
= 27rp.^^^^.ainP0C 
„ p„ siu POC „ PC 

= ^iOP~OQ). 
Summing up the successive différences, we hâve 
potential of sphère = ^^ {OB - OA) 

f "/■ 

remembering that Q = 4nra'p, .-. , _ 
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Hence the potential of the shell is the same aa if the 
ffbole quantity were collected at its centre. 

COK. It foUows that the attraction of a uniformly elec- 
trified spherical shell on anj extemal electricity is the same 
as if the whole quantity od the sphère were collected at 
its centre. For since the potentiaîs are the same at every 
dïternal point, the rate of change of potential in any direc- 
tion muBt also be the same, and thia measurcs the electrical 
force, which îa consequently the same as if the whole quantity 
of electricity were accumulated at the centre. 

91. Prop. m. TIls average potential over any sphère In 
Bpace is the same as the potential at its centre, sopposinc ail 
electricity eztemal to the sphère. (Gauss.) 

By the tenu ' average potential/ we understand that the 
Bphere's surface is eut up into a large uumber of equal areas ; 
the averse potentiaîs over ail tbe areaa added, and the resuit 
divided by the number of the areas. If the areas are not equal, 
we raust multiply each potential by the area over wbich it is 
calculated, and divide by the suna of ail tbe areas. We adopt 
the latter method, and with our usual notation we define tbe 



potential at any point, and tr the elementary area over which 
y is taken. Consider one electrified particle and let its 
quantity of electricity be denoted by m. 

Then, la Fig. 22, the potential over the annulua PQ whose 
acea is ^PQ . PM, due to a quantity m at the point 0, may 



^ _ ^wPM.Pq.m 
..va Qp 

PM. PQ 

And by last Article, 

^Trm . — — ^^ — = potential at of a distribution of density 
™ over the annulus. Ci^i^'jlc 

6—2 
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Hence summing over tbe whole spbere 

T 

and Sff = iim'; 

S TV 
• ■ 2<r ' . 

wbicb proves tbe proposition as far aa a single electrîfied 
particle ia concemed. In tbe saïue way the proposition will 
De true for any System of electrified particles b^ea separateiy, 
and therefore wheii added together. 

92. Frop. IV. The potentlal anrwliete vitbin as onelectrified 
condactiiig aphere l8 the same as tbe potential at its ceatre dae 
to the indnciiig electrical aratam. 

Tbe potential at the centre is made up of tbe potential 
of the inducing system, and of the induced distribution on 
tbe sphère. But oince the sphere's electrification is only 
induced, there must be eqiial amounts of positive and néga- 
tive electricity equally distant from tbe centre. Hence the 
potential due to the induced charge is nil, and the only 
potential at the centre is that due to the inducing system. 
But by Art. 61, in every case the potential throughout the 
sphère is the same as at its centre. 

Cor. 1. If the sphère were first raised to a given 
potential, and tben introduced into the electrical system, the 
potential of the ephere would be raised by tbe potential at 

ita centre due to the electrical system. 

Cor. 2. It alao followa that if a sphère be charged with 
a quantity Q, and placed near a system of eztemal electrified 

particles, containing quantities m,, m,... of electricity, and at 
distances /,,/,... from the centre of the sphère, the potential 
will be given by 



,G(Hinlc 
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and supposing tbe sphère brought to poteDtial 1^, the quantîty 

of ita electrification is giveD by 




CoB. 3. Tbia pnDciple may be ezteoded to any con- 
ductor. Let A be the charged body, and B an UDelectrified 
body Qear ît. The force aue to S'a electrification at any 
point within it, is equal and Fig. 33. 

opposite to the force due to ^ g 

ttat of A. Hence the equipo- 
tential sutfacea due to ffa elec- 
trification and to ^'s, coïncide 
iû poâtioQ, but are not of the 
same absolute value. Again, 
considering S'a electrification 
alone, its potential would clearly 
be négative near b and positive near e. We see therefore 
that tbe potential of £ is intermediate between the poten- 
tiala at b and c due to A, and the function of the induced 
négative charge at b is to keep the potential down, and that 
of the positive charge at c to keep the potential up to the 
mean value. 

We cannot assume however that the potential of B 
will be négative or positive as ita electrification ia néga- 
tive or positive, so that the surface of zéro potential of 
Fs electrification passes througb tbe line of neutral elec- 
trification. 



93. Prop. V, To lavestigate the potential of a BTBtem 
consiBting of a sphère and a concentric spherical ataell insu- 
lated from it, both being charged with known auantities of 



Let be the common centre, A the aphere charged with 
a quantity Q of electricity, B tbe inner and C the outer 
surface of the spherical shell, which ia charged with Q' units 
of electricity. 



PROBLEMS IN STATICAL ELECTRICIIT. 



Now we hâve to consider not only 
the distribution of Q on A, and C on 
C, but also the chaîne induced on B, 
whicb wili be, by Art. 64, equal and 
opposite to Q (i.e, = — Q), the distri- 
Q butioQ complementary to this going 
to the oTiter surface C and making a 
quantity Q + Q' on C. 

Then potential throughout A is 
same as potential at 0, and 




Q 
ol' 



Q + Q' 
OC ■ 



The potential just outside G ia the same as if ail the 
electricity were coilected at and .'. = -a^ . 

Thus we see that if F, be the potential withîn A, and 
V^ the potential at 0, 



'- '^ VA 

Again, if Fj-r^=l, 



Q 

'OB' 



, RR' 



Thus we see that if iî' - ii be sufficîently diminished the 
capacity becomes enormously increased. 

This ia a simple form of condenser (Art. 83), and the 
capacity we bave just investigated ia that of the bouud 
charge. The capacity of free charge in outer coat is 00 
orR'. 

94. Frop. VL To flnd the capacity of a condenser conslsting 
of two paiallel plates electrifled to given potentials. 

I-et A, B be the two plates, of which A ia at potential F,, 
and B at potential V,. , . 
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87 



Neglecting a portion of the plates near Fig. as. 
the edge, we see that we hâve three electrical 
Systems to consider, the outer surfaces 8' and 
S,' of A and B being freely electrified, while the 
intier suifaces act on each other ; thèse Byst«ms s,' 
being screened from each other by the substance 
of the conducting plates. We at présent con- 
^der the bound chaîne only, produced by the 
action on each other of the surfaces S, and S,, y i 

which are at potentials V^ and F,. i "i 

Neglecting a portion round the edge, the Unes of 
force which eut both surfaces at right angles are a System 
of parallel Unes: the tubes of force formed by them are 
cjlinders : and in virtue of the relation Fa = constant, and 
o- = a constant, F must be constant everynbere between A 
and_S. 

Again, the potential between A and B changes from V 
toK. 



is the distance between S, and S,, 

Henoe the strength of field at any point between thèse 
surfaces 

F —V 

= '^ \ (Art 33.) 

Again, if p be the denaity at any point on an electrified 
surface, the strength of field just outside it^iirp; 




,G(Hinlc 
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Again, mnoe tubes ot force pass from ;S, to 8, tbere musl 
be equal quaatities of electricity, of opposite sigos, on the two 
surfaces. 

(Y — V)S 
HeDce the quantity oa B= — Q = — — ' * — ■ 

If the dielectric between 8, and 8^ be not air but glass, 
or shellac, a substance whose îuauctive capacity îs represeuted 



To complète the iavestigatiou we ought to find the 
amount of the free charge on the two surfaces 8' aad S^ ; 
this can ODly be doue in a few partîcular cases. It however 
their capacities be C, and C,, the quantities of the free 
charges will be (7, F, and (IF, respectiveiy. 

The same theory can be applied to every form of con- 
denser, provided the thickuess be small and the two surfaces 
eve^where parallel. 

In the common força of Leyden jar, where the outer coat 
is connected with the earth, and the inner coat is nearly 
a clused suriace, the free charge is only the chaige of the 
knob and wire, which project from the inner coat and are 
used for charging it. 

95. Frop. Vn. To flnd the attraction betvsen the opposite 
plates of tlie condenser in the last .Article. 

Let A be a moveable and B a fixed plate. 

Then if p be the density at any point on A, 

and since the density on B is - p, the force produced by B 
near an élément of A is 2vp. (Art. 36.) 
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If iS be tbe area of A, and the force on ^ be denoted by F, 
F=2TrpXp8 = 2-irp*S 

fV, - F,V 8 



-^<^)'=ù^'''-''-f 



CoB. Tbe différence ofpotentialdeduced from an observed 
>rce is given by 

the formula employed in absolute and attracted disc-electro* 
metera. 

Note. We bave already (Art. 85) shown that the force 
between tbe two plates of any condenser per unit différence 
of potential is balf tbe rate of change of capacity. It oan 

easily be seen tbat g— j ia balf the rate of change of the 
capacity (r~;), as ( the distance is varied. 

96. Frop. Vm. Two fixed plates are kept at potentials V, 
sud Tj and a tlilrd moveable plate kept at potential V, is placed 
Brmmetricallr between tliem, to flnd the lesultatit force on tke 
mîddle plate. 



Supposijig V to be greater than V. and 
r„and F,> F,. 

By tbe last proposition for the attraction 
of A on .B, 

^, = ^ ( F, - FJ*, wbere 8 = area of B : 

also the force exerted by G on B, 



Fig.26. 



Xt 
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HeDce résultant force towarda C, tbe plate of lower 
potential. 






s 



The reasonÏQg of Art. 85 proves that if ^, C be equal 
and symmetrically placed with regard to £, a similar formula 
can l>e employed. For moving B to one side or tbe other of 
the position of perfect symmetry tbe rates of change of 
capacity of the Systems A, B, and B, C will be equal but 
of opposite sign. If tbis rate of variation of capacity he 
denoted by «, ^, = «(V,- F.)', F^ = )c{V,- VJ», and hence 

the résultant force = 2« (F, - F,) (v, - -'4^') 

= 2«F,(F,-F,) 
if the potential of F, be very high compared with F, and V,. 
The conditions of this prohlem are satisiied by the quadrant 
electrometer in wbich the needle S hanga aymmetrically 
between A and C which are in the sbape of two hollow quad- 
rants of a circle separated by a narrow air space. 

97. Prop. IZ. To calcnlate the eneigy of the diachaige <£ » 
Leyden jar or condenBer. 

Tbis might be -written down from the expression for the 
eneT^ of a condenser (Art, 85). We give now a separate 
investigation. 

Referring to Prop, VI. we see that we hâve a quantity 

(Y — V)S . ■ (V — V)S 

- — ' î^ at potential F,, and a quantity — ^^ — ^-r — *^ at 

potential F,. Hence (Art. 78) the whole ençrgy of the bound 
charge 
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To this must be added the energy of the free charge whîch 
consists of two coats of capacities &,, C, suppose, at poteotials 
F, and V,. The energy therefore is i (7, F," + ^ G, V^*. 

Thia formula also supplies us with tbe heating power of 
the discharge, since when work is done in no other form by 
an electrical diecharge ita energy ia converted into heat. To 
give the resuit in absolute thermal units we must divide hy 
Joule's mechanical équivalent of heat. 

98. The whole energy expressed in the above formula 
can never be obtaîned in practice when the dielectric is 
différent from air, owing to apparent absorption by the 
liielectric of part of the charge. Although this portion of 
the charge can be regained as the residual charge it ia ob- 
vious there will be a loss of energy when the discharge takes 
place in two portions instead of ail at once. In fact, if Fbe 
the potential and Q the quantîty of the first discharçe, and v 
the potential and q the quantity of the residual discbarge, 
the energy obtaîned on the double dischai^e =^{VQ + vq), 
while the whole energy is i (,V+ v) {Q + q). 

99. Prop. X. A Leyden jar having capacity for bound chargo 
C has an inner coat whose free capacit; 1^ 0^ and an onter coat 
Thoee &ee capacity is 0^. The jar Is cliarged to potential V and 
insnlated and the knob Is tlLen connected with tlie gronnd. To 
llnd tbe potential of tlie onter coat and tbe cbarge of th« jar. 

Let the quantity of eleetricity on inner coat 

and the quantity on outer coat = Q, = — CV. 

When the inner coat is connected with the ground tho 
charge of the outer coat is divided between bound and free 
chai^ in the ratio : C^. 

,: Bound charge of outer coat 

Free charge of outer coat = ^ .'., Q, ; 

''+''. ...Google 
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.". FoteDtial of outer coat = ri ,^f, = — r< . n ■ 
+ 0, O + Oj 

AIbo the amouot of electricity oq ÎQuer coat 



: Loss = h 






"(C + G,)(C+0,lj 



100. Frop. ZL A LeTdes jar ia cluived and inanlated. Snc- 
ceoBiTA contacts a» made wlth tiie Inner and oater coats. Find 
the amoont of electricity removed by n contacts with Inner or 
onter coat, 

TJsing the notatioa of the preceding Article, and writiDg 

>,--T3 =m and 7^ — ^= m, we see that when the outer coat 
O + Oj + 0, 

is to earth, the charge on inner coat is divided in the ratio 
m : 1 - m between boiind and free charge. Alao when the 
knoh is to earth the charge ou outer coat is divided in the 
ratio m' : 1 — îm'. We see therefore 
A.ifirst contact with knoh : 

Free charge on outer coat = (1 — m') Q„ 

Bound charge =m'Q, = — mm'Q,. 

At first contact with outer coat : 

Free charge on inner coat = (1 — m) mm'Q,, 

Bound charge =m'm'Q^ = — mm' Q^. 

At second contact with knoh : 

Free charge on outer coat = (1 — m') mm'Q^, 

Bound mm'*Q^ = — m'm'^Q^. 

By similar reasooing a/ter n contacts with knoh : 
Free charge on outer coat = ( l — m') m'~'m"'~'Q,, 

Bound =7re""'m"Ç, = — ni'm.'"^,. 

Hence the amount removed hy n contacts witb knoh 1 

= Q.(l-m-m'"), I 

tho quantity removed hy n contacts with outer coat 1 

= QtO-~m"m"). ^ <^ 
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But generally G, and (7, are very sinall compared with C, 
and therefore m, nt' are fractions very near unity. Hence we 
see that a lat^e fraction of the charge remaius after numerous 
contacts, and it would rcquire an inanité number of contacts 
to discharge the jar. 

101. Frop. Zn. Tvo Leyden jars are charged to différent 
potentialB and afterwarda bave theJr knoba bronglit into contact, 
the oater coats beins kejit in connection with the earth. To flnd 
the potential of each jar after contact. 

Let C,, Cj he the capacitiea, and V^, F, the potentials of 
the jars, and let V be their commoa potential after contact. 
Then since the whole amount on the inner coats is unaltered 

•■ •^- c^ + c^ " 

an équation for V. 

CoE. It follows that there will always be a losa of energy 
when two jars at différent potentials are unjted. 

For energy béfore contact = J {C^Y* + O^V^). 



Now (C,y. '+ G, F.*) (C, + C^) > or < (C.F, + (?,y,)', 
as C'A{T^i'+ T^.')> or <2C,C,F,y,. 

or as (F,- F,)'> or <0. 

The left-hand side is ohviously the greater, and hence the sum 
of the eneigies of the separate jars is greater than that of 
the two combined. 

102. It was by a particular expérimental application of 
the above that Faraday determined the spécifie inductive 
capacity of différent substances. He constracted two exactly 
similar Leyden jars, the coatiugs of which were so arrangea 
that the dielectric could be chauged at pieasure. One of the 
jare had air for its dielectric, and the other the substance to 
be experimented upon. 

Let now K he the unknown spécifie inductive capacity ; 
then if (? be the capacity of the jar with air, CK is the 
capacity with the other substance as dielectric. 
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Let DOW thc jar with air be raised to poteutîal V. On 
dividing the charge with the other jar, which is unchai;ged, 
the poteatial V evidently becomea 

y- , oy - y . 

C{l+K) 1 + K' 

tr y-y ' 

or K= y, . 

Now V and V are determined by esperiment, after the 
opérations indîeated, and tho value of K for the substance in 

question becomes known. 

103. Frop. XHL To show that the whole charge in a batterf 
of simUar Jara chargod ^>y cascade only eiiuals the charge of a 
single Jar. 

Let A, B, G be such a séries of jars of which the first is 
brought up to poteutial V, and the last is to earth. 
Fig. 27. 




Let the potential of the knob of B and of the oiiter coat- 
ing of A be F,. 

Let the potential of tbe knob of and of the outer coat- 
ing of £ be V^ 

And let G be the capacity of each jar. 

Then the equaî quantities in the three jars are 

c(V-v;), c(F,-r,), cv^ 

Hence the whole charge in the battery 

= f?(r- F,) + C?(y,- F,)+ (7F, 
= 0V 

= charge of single jar chai^ed alone to the same 
potential. 

The same method applies to any number of jars. 
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101 Frop. XtY. To flnd the Tork dcme by a condactiiig plate 
comninnicatùis witli tlie earth wMeiL ia allowed to move np 
puallel to another etiual plate wMcb is kept at constant potential, 

The principle of Art. 78 might hère be employed, sioce it 
is clear the work doue is stored up in the form of electrîcal 
enei^, and the energy obtained on discbai^ag the con- 
denser is the équivalent of the work so stored up. 

In this case we give an independent investigation. 

Let A be the plate kept at constant potential, and B that 
conneeted with the earth. 



V*S 
By Prop. VII. the force on iï = -Tym • 

VS 
The average force through the élément PQ is ^ 



Stt.OP.OQ' 

Hence the work done bj tbe plate in coming up from 
PtoQ 

V*S.PQ 
'"8-n-.0F.OQ 

_rs op-OQ vs/i i_N 

Stt ' OP.OQ ~ %ir \0Q OP) ' 

Adding up the work done on successive éléments of the 

pith we see that if i be the ultimate distance, 

V^S 1 
wbole work = -^— . -f = ^QV, 

as might hâve been anticipated. 

105. We now give an example in which tbe work done 
is deduced from the change in enei^ of the system. 

Before proceeding to the particular problem it may be 
well to point out that an electrîfied body moving through 
space under electrical forces bas no kinetic energy in virtue 
of its movement, since kinetic energy is proportional to the 
iûas3 moved, and the electricity bas itself no maas. When 
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work ÏB done on an electrical system, Aough nooe of it is 
coDverted ioto kîoetic euergy, the potential energy of tbe 
electrical System is increased by aa amouot equal to the work 
done, owing to a redistribution of the electricity in the system. 
Frop. XV. Tvo plates ara placed paraUel to each otiier, 
«haigsd u a condenser, insvlated, and separated to an infinité 
distance. To flmd the work done in the remoral. 

Let C be the capacity of the bound chaîne, and C" the 
capacity of free charge on the condenser. The free capacity 
varies with every new position of the plates ; we shalt how- 
ever assume hère tbat when both sides of the plates are 
electrilîed freely the capacity of the free charge becomes 
doubled, ia when the plates are entirely removed frona each 
otber's influence tbe capacity of each becomea 2C. 

This assuraption would be correct supposing the two plates 
to begin with *ere indefinitely near together, since in tbat 
case their extemal surfaces would be electrified as a single 
plate ; but after séparation they would be electrified as two 
separate plates, each of the same size aa the former. We can 
therefore only assume the resuit as more than approximately 
true in practJce when the distance of the plates is very 
small. 

After cbareing, the amount on the positive plate is 

and its energy of discharge is J F* (C + C). 

The quantity on the négative plate is 
-GV, 
and its potential zéro. 

Hence the enet^ of the whole System 

= ir'(c+(7). 

After removal the quantity on each plate is unaJtered, but 
the capacity, as assumed above, is 10'. 

Hence potential of positive plate = ^. Y, 
and the energy of its discharge — ^ jtt^ — ; 

and tbe enei^ o 
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Eence tlie gain of eaeigy 

(o+oTv'+o'y (.0+ ciy 

iC ~ 2 

= work done in separatioD of plates. 

106. The next two propositions will be found useful in 
considering some cases of induced electricîty. 

Def, a System of Eqoipotemtial Sobfaces dénotes 

a System of surfaces swcfe tkat the différence of potential 
belween any two consécutive surfaces of me system is constant. 

107. Frop. XVL Xn a sTStem of eqnipotential gnr&ces tlie dis- 
tance of consecntiTe surfaces inoreases as tbe potential diminialieB. 

Let d be the distance of two consécutive surfaces measured 
along a Une of force, and F the average value of the force in 
direction of a Une of force. Then between each successive 
pair of surf'aces Fd is constant, and it is clear that as F 
diminishes d increases; or tbe distance of consécutive 
surfaces grows greater aa the force grows less, Now it is 
clear that force and potential increaae or diminish together 
as we draw nearer to or recède further froni attracting matter, 
and the distance of consécutive surfaces consequently in- 
creases as the potential diminishes. 

Cor. There will be an induced current in any conductor 
moving near an electrified system. For draw auy system of 
equipotential surfaces, and let a conductor move from thé 
position AB to A'S'. 

Kg. 29. 



Om -H- 



It is clear that the différence of potential between A and 
is one unit, while that.between A', B is two uuits. Hence 
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aa tbe body moves into régions of greater potential, tbe 
différence of poteolial of its eads constantly increases, and 
to equalize tlîis increasing iuequality, a âow of electrîcity 
follows in tbe direction for + electricitj from B to A.aa lung 
as the movement across equipotential surfaces lasts. 

106. Frop. ZVU To ealcnlate tlie rate of motion of anr 
point m an «inipotontial nii&ce of glvan vaine as tlie electzifl- 
catlon of tlts System proceeds. 

Let AB be an equipotential surface of value V when the 
charge of tbe system is M, and let AB' be tbe equipotential 
surface of same value when the System bas received a smiJl 

Fig. so. If m be an élément of tbe electrifîcation distant 

r from Q, the poteotial at tbe point Q 



If DOW tbe charge Jf receiïe a small incrément q, 
the density at eacb point alteis in ratio ^. Hence 

the potential at Q rises by -^ P^ 

Eut the potential at P ia now 1^. 

Hence the work done on a + unit carried from P to 



and tbis also equals Fn, wbere F is tbe résultant force, and 
n thelengtbi'Ç; 

Hence tbe rate of motion of the surface at P varies joîntly 
as the potential and the rate of electrificatiou, and varies 
inversely jointly as tbe whole charge and tbe force at the 
point. 

DKiliîHinvGoO^lc 
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Cor. 1. Since F ia represented by 2 - , and F by 

2 ^ coa 0, where îs the aogle between the normal to the 

''y» 



ïïco„f 

will on the whole increase as r on the whole ïncreases, ie. aa 
y diminisbes. Hence, on the whole, the lower equîpotential 
SQrfacea œove during electrification more rapidly thatt the 
Burfaces at which the potential bas a higher value. 

Cor. 2. it follows from the laat Cor. that there will be an 
bduced currenb in a conductor during the electriâcation 
of any neighbouring conductor. For in Fig. 29 the potential 
surfaces at .il are moving more rapidly than those at B. 
Hence the différence of potential at A and B is constantly 
increasing, or S'a potential relatively to A conataatly rising, 
which determinea a flow of electricity from B to A. 

109. In the nest few Articles we give the investigation 
of two cases of electrification, the first that of a thin circular 
plate, the second that of a very thin and long cylinder. We 
may regard both thèse cases aa the limiting form of a sphe- 
roid, which in the hrst caae becomes extremely oblate, and 
in tbe second case extremely prolate. We require therefore 
the folio wing preliminary proposition. 

Prop. ZVHL To show that the attraction of a homogeneons 
ahell iMunded by tvo similar and Bimilarly situated spheroida on 
an internai point vaniahes. 

Let be the internai point, and let any cône of small 
vertical angle eut off Irom the bounding surfaces the éléments 
f m and A q. 

Since any section of tbe shell consists of two similar 
ellipes, the same diameter will bisect PQ and pq; .-. Pp=Qq, 
and similarly Mm = Nn. 



100 
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Fig. 81. 




Heoce the two small frusta Pm 

Qn are of the same thickness, aod 

since the vertical angle is small, their 

masses are proportional to OP* and 

OQ', and their attractions on are 

inveraely in this ratio, and are there- 

fore equal and in opposite directions. 

The same is true for each pair of 

small éléments aimilarly described, 

and the whole shell consequently ezerts no attraction on 0. 

This proof is derived from Todhunter'a Analytical Statics. 

110. Trop. ZIZ. To Sud the law of densît? on a &eely elec- 

trifled spharold. 

By the laet proposition the law of density is the same as 
the law of thickness of a very thin material ahell bouoded by 
tvo similar and similarly situated spheroids. 

Let AA' be the major axis of generating ellipse, and 
PP^ he tïe thickness of the shell 
at the point P, then PP^ pro- 
duced is the normal to the 
ellipse at P. Draw PN, P^QM 
perpendicular to AA'. Join PQ, 
. and produce it to T, then PQT 
is the tangent to the ellipse at 
P, and P,, Q are corresponding 
points on the two similar ellipses. 



Sig. 83. 




Then 



PN 



PP, = P,QcmPP,Q = P,Q cos GP2i' = P,Q . ^, 



Again 



P,Jtf' = ^{a"-Cjlf*), 



where a, h' = the semi-major and minor axes of outer ellipse, 
and Qitf' = ^'(o'-(?if'). 



Cookie 
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.-. P^Q(P^M + QM) = {b' + b)ib'-b); 
:. PN.P^Q = b{b'~b), 
rememberîng that the shell ia indefinitelj thin. 

Hence thickneaa at P= pâ — ■ 

If we substitute for the material sbell au electrical distri- 
bution and if pf, reptesent the density at B the extrecaity of 
minor axis, 

density at P~ p^ = , °^* , , , 

rit ija — <jV 

vhere x = CM, and e = eccentricity of ellipse. 

To find the whole quautity of the electrification, the 

Santity oa aa élément formed by révolution of PQ round 
e miuor axis 

.i.0N.F(i.^.2.lp..S^. 

But aa~fCN; :. CN-^^,; 

.-. , , , ^■'tp. HB.PQ 

.. quantity on elemenuiry aonulus = ^ _ j . — pp — 

_2rfp, 
l-e" 

-^^{PJf-QM). 

adding the successive values of this différence, 

the whole amount of electricity =--|-_ 1»- =4iwa*p^. 

111. Frop. ZZ. To flnd the capacity of a tteely electriflod 
tlilii clrcnlar plate, 

To deduce the electrification of a circular plate, we 
notice that a thin circular plate ia the lîmiting form of an 
oblate spheroid whose minot axis ia indefinitely short, while 
the major axis is finite and equal to a. 

In virtue of the relation 6' = a'(l— e*), we aee that in 
thia case we must make e = 1. 
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Hence for thc density at aoy poiot in tenus of the 
density />, at tbe centre, we bave 

■-. where-Vt^-TcaJiïis, and x = distance of point from tlie centre. 

'A)so. the jvbole quantity is évra*/»,, which shows that the 
: ^y&'râgesle&sjîj-ia'twice the density at the centre. 

112. To calculate the potential of a thin circular plate 
freely elëctrilied, we hâve only to calculate the potential at 
the centre of a distribution whose law is giveii above. 

Conceive the plate eut up into a very lai^ nutuber of 
Hg. 33. 




narrow annuli, and let OA eut one in M, N. Draw MP, NQ 
perpendicular to OA, and QR perpendicular to PM, and 
join OP. 

ïhen tbe potential at of the ring MN 

2-^OM.MN ap, MN 

OM ■ ^/OP'^ÔM' ~ **''• ■ P^ 



PO 
since the triangles PRQ, OPM are similar and — ^ is the 

circular measure of the angle POQ. 

Hence adding ail tbe small angles corresponding to 
successive annuli, we hâve cleariy 

Potential = ^irqp, . -^ = ir'ap^. 
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But we bave only yet considered one surface of the plate 
which vfill be electrified on both surfaces. 
Hence Fotential of Plate = ^ir'ap,, 

or F=£.a 
.hen F-1, Q-C, 

Hence capacity of plate : capacity of sphère of same radius 

If however the plate forms one conductor of a condenser, 
the capacity will only be - , ainee the free chai^ exists on 
one side only (see Art. 105). 

113. frop. XZL To flnd the capacity of a Teiy long and tUn 
cylinder. 

Jt 18 clear that, neglectïng the ends, the electrification of 
the cylinder will be sensîbly of uniform density, We might 
see this by vîewing the cylinder as the lîmit of a very prolate 
spheroid; whose major axis is very lai^e compared to its 
minor axis. We shall assume the potential everywbere within 
the cylinder the same as at the middie point of its axis. 

Let be the middie of the axis, and a the radius of the 
cylinder. Taking an élément PQ pjg, 34^ 

round the cylinder, the quantity 

of electricity on its surface is „ ^ —^ÂM r\ 

\.aPQ.p. ^ lŒIi^ffiZID» 

and the potential at of this élément 
_ 2irapPQ 
- OQ ■ 
Draw OG perpendicular to the surface of the cylinder, 
and PS perpendicular to OQ. Then QSP and QCO are 
similar triangles. 

Hence QP : QS :: QO : CQ; 

.: OQ. QS-OQ.PQ; 
PQ_Q3 _PQ^ 



■ OQ m OQ+CQ- ,,,, Google 
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Kow since whea xia& very small fraction, 
log(l-a;) = -ic, 
we shall commit no appréciable error ia putting 

, OP + OP 

= log (OQ + CQ) - log {OP + CP), 
wLich is a form adapted to our metbod of summation. 
The potential of the aDoulus wîll dow 

= 2w«p Jlog {Oq + CQ) - log {OP + GP)], 

adding ail the elementary difierencea we hâve for the poten- 
tial at O, 

Afirap (log {OB + BCT) - log OC], 
and if 2 be the length of the cylinder, aod a its radius, 
l being assumed great compared to a, tbis reducos to 

4iro/> log - = F suppose, 

and if Ç be the quïoitity of electricîty, Q = 2irap . l ; 

2 log' 

••■ ''=«— 7^- 

If V= 1, Q= C, tfae capacity; 



Cor. 1. If i be very large compared to a, log- must be 

very large, and therefore the capacity of the wire is smaU. We 
assume thei:efore that if two pièces of apparatus be connected 
by a very fine wire, we may neglect the electrification of the 



PBOBLEMS IS STATICAL ELECTEICITT. lOo 

wire, and that ihe charge is simply divided in the ratio of 
the capacities of the apparatus. 

CoB. 2. If there be another cylinder outside the one 
we are conaidering, separated from it by air, we hâve for the 
potential of the Leydeu jar so formed, 
l , t\ 



i^< 



_i 



a heiag the radius of the outer cylinder. 

If the dielectric be différent from air and hâve a spécifie 
inductive capacity K (Art. 77), 



a formula useful in calculating the charge of a marine cable. 

114. We next proceed to illustrate by example the method 
of electrical images explained in the last chapter (Art. 73). 

Prop. XX 11. To flnd the distrilration of alectrîclty on an 
Infinité conducting plate connocted with the earth and n&der 
the inltnence of an electrlfied point. 

Ijet A be the electrified point contaioing m units of 
electricity, and DE the conducting plate. Fig, 35. 

Draw AF perpendicular to ])£!, and pro- 
duce itto5,Bothat^B= F^ =^. Ifwe 
ima^ne a quantîty — m of electricity at B, 
it is clear that for the system m at ^ and 
- m at B, DE wïll be a surface at zero- 
poteutiaL For the potential ataoy point 

D i8-^-^ = 0; because DB = DA. ^~^ 

Hence we may subatitute for the electrî- 
fication of the plate the charged point B &a Îbx 
the left of DE are concerned. 
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To find the density at any poÎDt on the plate, we hâve 
(Art. 72) odIv to find tbe résultant force due to the electrified 
points A aDa B, and divide by iir. 

This résultant will be normal to the plate, and consista of 
two components, oue répulsive along AD, and ooe attractive 
along VB. Hence, 



= j^cobDAF = -^^.^-^^-^, 

and is directed to the right of DE. Hence the density wîli 
be négative, and at point D 

_ 2m p mp 

or the density varies înversely as the cube of the distance 
from the electrified point. 

This method can be applied to the electrification, under 
the influence of an electrified particle, of any system of planes, 
by means of the optical principle of successive images, and 
the electrification can be represented in ânite terms when- 
ever the nuniber of such images is finite : we give a few 
cases as examples : — 

115. Example 1. Two planes at right angles to each 
other. Let OA, OB be conducting planes at right angles to 



■.Gooj^lc 
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each other, P a point electrified ■with one uDÎt of + eiectrïcity. 
The succeasive images of P axe P, in OA, P, in OB, and P, 
the image of both P, in OA and P, in OB. Let there be 
quantlties of eiectrïcity — 1 at P, and P, and + 1 at P,, Then 
the potential at any point on either plane due to P and its 
System of images vanishes, and the potential at any point 
within the angle BOA will be that due to P combined 
with the System of images P„ P,, P,. 

The density of the eiectriiîcation at any point Q in OA 
will be that due to the superposition of the Systems (P, P,) 
and (P, ,P,). Therefore by preceding article, 

^ ~27r IqP* 0P.'^ 
p being the distance of P from OA. 

116. Example 2. Three planes mutually at right angles. 
Let OA, OB be two of the intersections of thèse planes and 
OG, perpendicular to the plane of the paper, the tbird inter- 
section ; P not being now in the plane of the paper. There 
will in this case be the System of images P, P, P, due to 
the planra 00 A, COB and the images of P, P^, P,. P in 
the plane A OB. The density at any point Q in the plane 
AOB will be given by 

__P_(J: 11 1 \ 

'' 2ir IqP» QP," "^ QP,' QP.V * 
p being the distance of P from the plane A OB. 

117. Example 3. Two parallel planes with an electrified 
point between them. In this case the number of images is 
infinité, and it will not be generally possible to repreeent the 
density in finite terms. In any practical case the inSueuce 
of ail images after the first few could be neglected. The 
positions of the images are easily fonnd. Let A, B be the 
plates, and P the point between them distant a, h from them 
reapectively, at which we will suppose a unit of electricity 
placed. 

Let P be the image of P in A, P, tbat of P in B, 
P.that of P, in A and ao on. The set of images P„ P.... 
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to the right of A wUl be négative, aod the set P., P^... 
to the left of B will be positive, the qiiantity in ail cases 
beiog uDitj. 



We hâve 
PP,=2a,PP,= Pi*,+26, PP,= PP,+ 2o, PP,=PP,+26,&c. 
.-. PP, = 2a, PP, = 2a + 2t, PP. = 4a + 26, PP. = 4a + 46. 

Hence generally 

PP„ = 2a: (o + 6), -PP^, = 2o + 2 (a; - 1) (a + 6), 
where œ may hâve any value between 1 and oc . 

If we start with the itni^e of P in B, wbich we will 
call Q,, we ahsll hâve the set of images Ç,, Q^... to the 
left of B and négative, and the set Q,, Q^... to the right 
of A and positive. Their positions being given by 

PQ^ = 2a! (a + b), PQ^, = 26 + 2 (a; - 1) (o + 6). 

Hence on the whole we hâve to the right of A, 
The set of — images at distances from P 2a + 2 (;r — 1) (a + 6) 
and the set of + images „ 2a; {a + 6) 

To the left of B, 
The set of — images at distances from P 26 + 2 (a; — 1) (a + 6) 
and the set of + images „ 2a: (a + 6) 

X in ail cases being any integer from 1 to oc , and the quan- 
tity of electricity in each image beiug ± 1. 
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118. Frop-ZZm. Toflnd thedistrilratloiiofdlectricitTOiia 
Sptiere at zéro potential nnder the infiaence of an elwtiifieâ point 
within OT witboat it. 

We may deduce the electrical influence of a point on a 
sphère by considering two points having chaires e, and — e^ 
of electricity placed at points A, B. We shall hâve for the 
potential at any point distant r^ and r, from A, B respec- 
rively 

Hence for surface of zero-potential 



Or, the distances of any point on the surface from A and 
B are in the constant ratio e^ to e,. 

We can easily show that the locus of a point satisfying 
this condition îs a i^phere. 



For let Pbe a point on the locus, and e^ greater numerî- 
cally tban e,. Divide AB intemally and extemally in C 
and J), Bo that 

AG : CB :: AV : DB :: e, : e, (i). 

Hence ^P : PB :: AG : CB; .: PCUaectsAPB, 
and AP : PB :: AD : DB; .: PD bisects APB estemally; 
.■. CPD is a right angle. 

Hence the locus of P on the plane of the paper will he 
a circle whose diameter is GD : and the same property will 
be true for each point on the sphère whose diameter is CD. 
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119. To détermine thë position and dimensions of tbe 
sphère we hâve the following relations. ! 

From (i) we hâve I 

AC + CB : GB :: e, + «. : e,; \ 





. OB --^AB mi AO-—'- 
e, + e, e, + 1 


-AB.... 




■(")■ 


Again 


from (i). 












AD- 


SB : DB :: e,-e, : 


e„ 








.-.DB.-t 


•^ABmiAD.j^ 


^AB... 




.(iii). 


hjCJ>. 


■-CB+BD. 


e, + e, e,-e, e,*- 




,.AB. 


Hence radius of circle = ,' ' , . AB. . . . 






,(iï). 


dEB-- 


-CE-GB-. 


= y- .AB '< 
«■"-«,■ «,+ «, 

-'JEC. 


AB=- 


< 


—,AB 



Similarly EA^-^EG; 

.: EB.EA = EC. 

A and B are called coajugate points witli référence to the 
sphère. 

120. To find the density at any point, we hâve (Art. 72), 
to Ënd the résultant force at that point on the sphericaJ 
surface, and as before divide it by évr, 

The forces at P are clearly -* along AP, and ~\ along 
PB, and their résultant is along PE, since it is normal to 
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ihe equipotential surface. Let F be the magnitude of the 
résultant, then completing the par^elogram EKPL, 




F : compoii«nt in AP :; PE : PK, 



and because PB, KM are paralltl, 

PK : BE :: AP : AB, 



■■ AB • 

. ^., ,. „ AB.PE c, e,'-e* e, 

substitutine ; /i = — =-= — .-\=a. -» — ~- , -î , 

* ' .fl£ r,' e," r* 

if u be the radius of tte sphère. 

Since thia résultant is inwards, we muât express the 
density by 

irre,* ' r,* ' 

and we couclude that a distribution wfaose density is given 
by the above law produces within the sphère a force equal 
and opposite to e^ at A, and is therefore the distribution 
induced by e^ placed at A. 

Again, if the density at P be expressed by 

I «.(«,'-<■.•) » 

erre' r" 

i-.<i",C..(H1nlc 
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we conclude that tbU distribution produces wittiout tbe spbere 
a force equal and oppoûte to that of — e, at B, and is Ûiere- 
fore tbe distribution ioduced by — e, at B. 

The whole quantitj of the distribution being in eitber 
case ±«,. 

(i) IatheJirstcaseletAE=^/,theaBE^j, 

màf=^a. I 

e, 

Henca the law of density becomes, on substitution for e, 
and réduction, 



and/' = V. 
Hence substituting for e, the law of density is 



121. We see now that we cas include both cases in the 
foUowing statement : 

If there be taken on the radius of a sphère two conjugate 
points, and a quantity of eleotricity e be placed at one of 
them whose distance froœ the centre is f, it will induce a 
distribution over the sphère whose law of density is 
(a'-y)e 
i-jrar" ' 
where r= distance from the electrilîed point 
and a = radius of sphère, 
and the résultant effect of this distribution on ail points on 
the same side of the spherical surface is the same as of a 
partiels at the conjugate point having a charge repreaented 
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by — -.e ; tte whole quantity of the dîstributioD being, wbea 



the eiectrified point is witbia tbe sphère, 



, and 'wben 



witbout the Bphere, - 



/"■ 



122. Tbe followîng direct geometrical proof of the pro- 
position of the preceding article is a modification of that 
originally gîven by Sir William Thomson. 

Frop. XXIV A distribution of matter is madfl over a spherical 
nuface whoae densit; at anr point Taries inversa as the cnbe 
of itB distance &om a âzed point, ahav XbaX tho potential of the 
distribution at any point on tbe opposite side of tbe spherical 
snr&ce is tbe same as tbat due to a certain ^uautity of matter at 
tbe given fized point. 

Suppose S the gîven âxed point in Fig. (a) extemal, and 
in Fig. (&) internai, and let P t« a point, on the opposite side 
of the spherical sutface, at whicb we shall estimate the 

potentiaJ. 



rig.*o. 




Let in Fig. (a) the distance of 8 from the centre be f, 
and in Fig. (&)/'. 



Join SP and produce it to 2*30 tbat 

Fig. (a) 8P.ST=f-a\ 
Fig. (J) 8P.ST = a*^r--_, 
CE. 



.Google 
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Tliruugh S draw aaj line meeting the sphère in £! an<l 
ATJoiD PEmd TK; 

.: 8E.SK = 8P. 8T in both figures ; 

.-. the triangles SEP, STK are similar. 

Conceive now the line KE8 to move so aa to trace out a 
small cône whose vertex is iS, and which cuts the spherîcal 
surface in elementary areas £and K. Itis clear that fand 
K are correspondiog éléments, so that the whole surface ia 
exhausted simultaneously by a séries of éléments E and K. 

Now the potential at the point P due to the élément E 
of the distribution {E being used to dénote îts area), 

mass of E 
'" EP~ • 

and density over E = ^^ ; 
,: potential at P due to E— „„ „„, . 

Âgain, since the tangent planes at E, K are equally inclined 
to 8EK, 

E : K :: SE* : SK* ; 

•'■ P*^^""'^^ *^""' *° -^ = EP7S-W78K' " EP.SKif~a*) ' 
also by similar triangles EP : SP :: TK : 8K, 
:.EP.SK = 8P.TK, 

■■■ i»t«"t^ ^^^ ^° ^=sp-(f'^^r^TK' 

.: potential at P due to whole sphère = „„ -, - — j- . 2 mv. . 

But £ -,pi? représenta the potential at 2" of a uniform dis- 
tribution whose density is \, which by Prop. 1 is iw\a, since 



T Î8 necesaarily an internai point. 



Coo'ik 
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Hence the poteatial at P, due to the sphère = / ~ jt i, op 

47rî 

'^■^ 

ot BabstitutÏDg electric distribution for matter, and reversing 
the sigQ of tlie distribution on the sphère, 

Poteutial due to quantity -^ — -^ at iS'+ Potentiat due to 

the distribution of density — -cm = 0. st any point P on the 
opposite side of the surface to S. 

And this îs the condition which tnust be satisfîed bj the 
liistribution iuduced by an electri£ed pariricle at S (Art. 72), 

11- . iwXa 

If we put m = 75 ï , we get 

/ ~« 
Potential due to m placed at iS + Pot«ntial due to distribution 

of density — j- hw- — 0, at any point on the opposite 

àde of the surface. 

To find the wbole quantity distributed over the sphère 
wesee 

quantity on élément ^^sË'^ SE . 8K' ^ { f~ a') 8K ' 



In Figure (a) 8 is extemal, 
wd the whole amount of distribution =- 



fir—') 

a 
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In Figure (6) 8 h internai, and 



,•. whole amouDt of distribution = -^ — 75 
a'-/* 

= 1M, 

as has boen aiready sbown. 

By choosing conjugate points, it is easy to show that the 
two distributions, one dcrived from tbe external and the 
other from the internai point, are identical, and the pro- 
position of Art 121 foUows Immcdiatcly. 

123. Frop. JLJLV. To flnd the anantity of tlie electiicity in* 
dnced on two eoncentric spherlcal sni&ces each at zéro pot^tial, 
havlng an cdectrlfled point between them. 

This can clearly be solved by mean!! of the prineiple of 
successive images illustrated above in the case of plane sur- 
faces (see Art. 117). 

Fig. «. 




Let OAB be a comraon radius on which P the point 
chaiged suppose with a unit of electricity lies. 

The positions of the successÏTe images beginning with that 
in the surface A, which we will call P^, are given by the 
formulœ 
OP, . OP = OA' : OP^ . OP, = OS* i OP, . OP, = 0A\ &c., 
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or generally, 

O-P»», ■ OP^ = OA' : 0P„ . OP^, = Off. 

The quactity of electrîcity in the successive images will 

bepven(Art. 121) by the formula P^ = --T^.P^,,where 

R ifl the radius of the circle with respect to which the image 
U taken. Hence the quaatity 

OA 



OA.OB.OA OA OA 

iOP,.OPJOF~ OJl'Oi" 
&C. = &c. 

OA. OB OA 



•" lOP^.ÙP^ (OP,.OP,).0P 

OA-.OB" fOAy OB 

OB'- . UP \0è] ■ OP • 
p OB.OA.OB OA _fOB\- 

»""'"(Oi>„.oi>„j (,op^.oP) [oa) ' 

the images of type -Pj^i belng négative and withîn A, those 
of type P^ being positive and outside B. 

Beginning with Q^ the image of P in B, and proceeding 
as ahove, we shall hâve a séries of images of types. 

those of type Q^ being positive and -within A, those of type 
Qtt-i négative and outside S. 

The quantity of electricity induced on A will be found 
hy BummiQg the quantities of ail the images within A, 
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OA 

_ PB PB PS OA 

~ 0^', _ t^~ OFAB' 
OB 

The séries for the images outaîde B is divei^nt. The 
suni however must be finite, and by Art. 54, 

" [ AB' or)" OP-AB- 

Cor. Supposing the sphères of inâaite radius we gefc the 
induction oo two parallel plates A, B due to au electrified 

point between them, equal to — -j-, on A and — -j-^ on B. 

lâi. A very large and important class of electrical 
problems are solved by the method of electrical images 
combined with the prînciple known to mathematicians as 
that of geometrical inversion, We must therefore give flrst 
the fundamental propeities of geometrical inversion. 

Def. Centre of Inversion, Geometrical Image or 
IMAGE BY INVERSION. Let be a fixed point, the centre of 
inversion, and let A be any point in space. Join OA and in 
it take anotker point a suck that OA , Oa = R', th^n a is said 
to be the geometrical image ofÂ., ajid K is called the raditts of 
the circle of inversion. 

We see that to every curve or surface in apace will corre- 
spond another curve or surface which will be called its im^ 
by inversion, being the locus of the images by inversion of 
the points on the curve or surface. 

125, The following properties of inversion will be fonnd 
usefuL 

DoiiîHihvGoonIc 
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lié 



Prôp. A. U be the centre ef inveraloii, AB anT two points, 
% b tiieîr images, then the triangles OAB, Oba aie similar 

For, since OA . Oa= OB . Ob = I^. 

Fig. 42. 




OA : OB :: Oh : Oa, 
and the angle at is commou, therefore tlie triangles are 
similar. 

Cor. AB : ab=OA : Ob=OB : Oa=OA.OB : B? 
= B} : Oa.Oh. 

126. Frop. B. Tlie angle at whlch tvo curres or surfaces 
eut is imalteied 1^ inversion. 

For let AB, AC represent the éléments of two arcs 
cuttiag at A, supposiag them both in the plane of the 
paper, the only caae that occurs in our work. 



Then iOAB = iOha; and ^OÂG=^ Oca; 
:. ^ BAC =iOha- Oca = ^ bac. 

127. Frop. 0. Oonesponding éléments of arc lu a carre and 
itfl image are In the ratio OA* : R*. and corresponding éléments 
of BnrfiKO in the ratio OA* ; B*. 



For, by Prop. A. Cor., 

AB : ab :: OA . OB : 



Coo'ilc 
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But ânce A, B nearly coïncide OA . 0B= OA' neatly ; 
.-. AB -.ab :: OA* : R\ 

Âgaîn éléments of surface are ultimatelj proportional to 
rectangles under éléments of arc, and hence wiU be in the 
duplicate ratio of arcs or as OA* : £*, or as ^ : Oo*. 

128. Frop. D. The imasa of a plane Is a sphère passfiv 
thron^ the cent» of iOTerslon. 

Let OA be the perpendicular on tbe plane and P any 
point on it. Then if a,^ be the imites oi A, P, 
Fig. 4t 




t Opa=i OAP = a. right angle; 
.*. locus otp is a sphère on Oa as diameter. 

129. "Bzof. E. The iina«e of a sphère is anoUier sphère, the 

tro spbores bavlng the point of inrersion for centre of similitude. 

JJet OECE' be drawn through the centre G of the sphère, 

Fig. 45. 
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&nd let OÂA' be any other lise cutting the spLere. Then 
using in ail cases small letters for the images ofcorresponding 
capital letters, 

OA. .Oa = S?, and OA . OA' = 00*- CE* =/' - a', suppose ; 

Oa S* , . ., , Oa' lï" 

Hence the locus of a is similar to that of A, or the image 
ÎB another sphère, the couvex part of the image correspondiog 
to the concave part of the sphère, aDd vice versa. 

If Oc=f' and ce = a, we shall hâve 

130. To apply this geometry to electrical prohlems, we 
miist define the electrical image of an electric distribution. 

Def. Electrical Image bt Inteesioit. Let ihere le 
at a point B a quantiti/ e of eledricity, then the quantité/ e 
placed at h, the geometrical image of B, will be called the 

electrical image hy inversion of e if - = v^n — T» < ^ being 

the radius ofthe sphère of inversion. 

Tbis of course is only an extension ofthe electrieal images 
disctissed above. Art. 121. We can now prove the following 
important proposition. 

131. Frop. ZZVL Eelation between the potentlal of any 
electrical distribution and that of Its Image. 

Let B {Fig. 42) be an élément of an electric distribution 
whose quantity is e; b its electrical image at whichisaquan- 

tity e' (= -^ e) , and let A be any point, and a ita image, 

Then if V, V he respectively the potentîal, due to B, at 
A, and the potenUal, due to b, at a, we hâve 
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RV 
:. V = -zy = poteatial at a of a quantité ^ F at 0. 

The same proposition will be tnie for each élément of 
aay distribution. Hence by the principle of superposition if 
V be the potentiol at A of any electrical System B, then the 
potential of the image of B at the imago of A will equal 
the potential of a quantity BV placed at the centre of 
inversion. 

Cor. 1. If we place at the centre of inversion a quan- 
tity of electricity, — BV, then the potential at a of the 
System b, and of a quantity — fi F at Ô, will be zéro. If B 
lepresent therefore any electrified conductor, and A a point 
inside it or on its surface, we obtain from it at once the dis- 
tribution induced by an electriSed point on the image of 
B kept at zéro potential. 

Cor. 2. If we bave given the distribution of electricity 
on any conductor B at zéro potential under the influence of 
an electrified particle at 0: by inverting the System relatively 
to 0, the image of is at an iniînite distance, and can there- 
fore be neglected, while the added charge at will be zéro 
because B la at zéro potential. We bave left therefore the 
distribution on the image of B freely electrified. 

Cor. 3. If <r, <r' be corresponding éléments of area of B, 

and its image b, we bave (Prop, C) —, = tttj , and if e, e' be 

e R 
quantitiea of electricity at B and ^i "' = "ï > hence if p, p' be 

densities at correaponding points on an electrical distribution 
and its image we bave 

/ _ £ £ _ .H" 

p~e^>r-' Ob'" 

We proceed to apply the principle of inversion to the 

solution of certain problems. 

i-.<i",G(Hinlc 
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132. Frop. XXVn. To flnd tha electriflcatioa of a Bphere at 
nro potential imder the Inflaesce of an electrlfled partide, 

Ist Let the partîcle be extemal. 

Take a sphère freely electrified in Bpace to potentîal V, 
and invert it, makÎDg any external point centre of inversion. 
We will use the notation and figure of Prop. E, The original 

electrical density was 7 — at A suppose : 



irra iTraOa' ' 
If e be the quantity of electricîty at centre of 
e = -VR; 

.-.density on image =5^.. 

But -=-T7 ■ . ; 

. :^= ' /^-«' ^ ' f-a" ^r-a\ 

.: electrical density = -— 

distance of the electrified point. 

2Dd. Let the influencing point be internai. 

To arrive at this, we will invert the distribution of the 
preceding case, making the electrified sphère the sphère of 
inversion. The distribution on the sphère is unchanged, 
aince the sphère is its own image; the image of the electrified 



distance ^ from centre, and the distribution according to 
density law — ■ V^ , . , will give zéro potential at ail 



lu raOBLEMS IN STATICÂL ELECTHICITT. 

eztemal points. The total quantîty of distribution 



Subslituting for f and e their values in tenus of e', ^ we 
find the tienaity induccd by e' at a distance g' from the centre 

" , — r~ n I where r' is the distance from the înâuenciog 

■wra . r^ 
particle of the élément of the distrihution, remembering (Art. 

H8)that ^=>^ = ^,. 



133. Frop. XXVlll. To flnd the electrical distribation on a 
condnctor In tbe foim of two spherical Bnrbcea vhicb eut li 
Tighi angles. 

We shall obtain thia System by the inversion of the 
System (Art. 115) of two condiictiog planes at right angles to 
each othor, since each plane inverts into a sphère and the 
angle hetween the sphères will be the same as betwèen the 
planes. 

Let P, the electrified particle, be the centre of inversion, 
Fig. 46. 




iiîHihvGoogle 
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and the radius of the sphère of inversion unity. The radii 
of sphères which are the images of OA, OB will be 

a, h being the distance» of P from OA, OB. 

The distances of p^, p^tP, the images of P,, P^, P, from 
P will be 

and the quantities of electrîcity will (Art. 130) be equal to 
their distances from P (S by supposition being unity) ; the 
signa being — for p and p,, and + for p,; and this System of 
images will be équivalent to the electrified conductor at ail 
external points. Also the poteotial at P due to cach image 
will be numerically unity, and therefore the potential at P 
due to the whole System of images will be — I. 

The quantity of electricity on the conductor will equal 
the sum of the quantities in the images p^ , p^, p^ 

= -«-;?+ .^41=. 

Hence the capacity of the conductor or the quantity 
which will keep it at unit potential 

134. Prop. XXIX . To find tlie electriflcatlon of a conductor 
lu the form of three sphères cntting mutually at rlght angles, 

This will be obtained by the inversion of the System 
(Art. 116) of three conducting planes, mutually at right 
angles. 

The distances from P of the seven images in the planes 
AB, BG, GA are easily seen to be (if a, b, c be the distances 
of P from the planes) 
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(a) 2a, 26, 2c at which are quantities — I, 

(b) 2 v/o' + i', 2yi' + c', 2 ^c' + a* at wtïch are quan- 

ti ties + 1, 

(c) 2 ^/o' + 6" + c' at which ia a quantity — 1. 

Tbe radii of the sphères formed by inversion of the 
System of planes in a spnere of radius unity 

-1 L 1 

2a' 26' 2c' 

The distances of the electrieal images of the above system 
(a), (b), (c), witl be 

I \ ^11 

W 2a' 26' 2c' 

(h) ^ I 1 

(0) ^ 

At thèse the quantities of electricity will be numerically the 
same as their distances, the first row (a) being —, the second 
(6) +, and the third (c) -. 

Hence the quantity of electricity corresponding to unit 
potential 

.1 + 1 + 1 ! 1__ '_ 

2(1 26 2e iJ^Tb- 2jh' + i? 2^?+? 



2 Ja^ + 6' + c' 



'ffy 



if a, j8, 7 be the radii of flie apheres. 
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135, Frop. XXX. To flnd the elecfcriflcatlon of a sTStem cou- 
ràBting of two sphères touchinc each otber. 

Tliia problem will be the electrical ioversion of the case 
(Art. 117) of two parallel planes with an electrified point 
between them, the centre of inversion being the electrified 
point. 

The images to the right of A (Fig. 37) will hâve their 
images within the sphère A\ which is the im^ by inversion 
of ^ ; wbile those to the left will fall in the sphère S ; and as 
before the capacity of each sphère will be given by chaugiDg 
the sign of the sum of the quantities at each electric image. 

Thus if Oj be the capacity of A' 

-• ^' 2x{a-^b) ' 2a + 20'C-l)(a + i}' 

the symbol S," denoting that the terms formed by giving x 
ail values from 1 to oo are to be added ; 

. =_»_T. \ 

■■^' 01-6- «12o+2C»-l)(o + i))' 

and BÎmilarly 



f(26 + 2(a!-l)((H-6)j' 

if a, i9 be the radii of the two sphères a = s- , = 7^1 
' '^ '^ 2a 26 

'~a + /3 ' «(«(« + /3)-/3)' 

Thèse summations cannot be geoerally effected. Th 
aimplest cases are (l) where the sphères are equal, 

P^ - C, - aSr „ ,.,' ,, =■ "S," fa-î-i - ^) 
■* " ' 2;c (231-1) V23!-l 2a:/ 

.a(l-i + J-i + &o.).«.log.2. 
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(2) When $ is very small compared with a. Cj appears 
to be indcterminate, but can ba fouod thus. 



C,- 



±^_ <- 1 ^ 



U"^^"«Wa + /3)-c.)J 



a + /3'"i< + /3 ■ x(x-l)' 
neglectiog /S compared with (a: — 1) a wben a! > 1. 

Hence to the same degree of approximation Cj = a, the 
same as if the small sphère were uot présent. Uaing the 

eame approximation, 

C,= — S" j very nearly, 

as is proved in Trigonometry. 

To compare the densitie9 on the two sphères divide the 
charge of each by its area and we hâve 
_ g ^ 1 
°" *7ra* Artnx ' 

^'~2iTra^ 24a' 



. ^- 



= 1'645 nearly. 



We may assume therefore that when a small sphère is made 
to touch any electrified conductor it carries away an electri- 
fication whose density is equal to l'645 times the density at 
the point of contact. 

136. By inverting the System (Art. 111) consisting of & 
freely electrified plate Sir W. Thomson has found the electrifi- 



PBOBLEHS IN STATICÂL ELECTBICITT. 129 

cation of a spherical bowl, due to tlie inductioa of an electri- 
fied particle anywbere on its surface produced. By inverting 
the electrification {Art. 123) of two concentric spherical 
surfaces under the inSuence of a point bet\reen them, he 
ha3 deduced the electrification of two. spherical conduotora 
under each other's induction. For thèse and otber problema, 
requiring for their solution bighcr mathematical analysis, we 
refer the student to the writinga of Sir W, Thomson or Clerk 
Staxwell. 



Examples on Chapters III. and IV., and on General 
Statical Electricitt. 

1. Two particles are charged with quantities j, and q 
of electricity, and another with a quantity — (j, + g-,), and 
are placed aX. the angular points of a triangle. Show that 
the work done against the two former equals that done by 
the latter in bringing a + unit up to the centre of the cir- 
cumseribing circle. 

2. Three particles are charged with equal quantities, 
two + and one —, of electricity, Show that tbe centre of tbe 
inscribed ciccle of the triangle, formed by tbe three particles, 
will be on the surface of zéro potential if 

, . TT-A . W + B - -TT + C , 

4 sin —7 — . ain — 7 — . sin — y— = 1^ 
the negatively electrified particle being at A, 

3. A rhombua ia constructed, two of whose angles are 
60*, and a + unit of electricity is placed at each. Two — unita 
are placed at one of the otber angles. Show that tbe po- 
tential at the remaining angle is zéro. 

4. A funnel drawn out into a capiUary tube is âlled 
with sulphuric acid, and a gold leaf electroscope having a 
gold cap ia placed underneatb it. A rod of sealingTwax, 
which bas been rubbed with gun-cotton, is now beld over 
the funnel; tbe acid flows out on to tbe cap of the electro- 
scope and tbe leaves diverge. Explain the electrical actions 
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whîch produce the flov of liquid and the divergence of tbe 
leaves. 

6. An iusulated métal lamp 13 placed in a room in 
which aa electrical machiDe is at nork. 'llie lamp is con- 
nected by a wire with a gold leaf «lectroscope in an 
adjoiniog room. 

(i) Describe tbe indications of the elcctroacope after 
ligbting tbe lamp and working tbe machine. 

(ii) Describe the Indications of the electroscope after 
tbe lamp is blown eut and tbe machine stopped. 

(iii) An iusulated métal cylinder completely encloses 
the lamp, and is connected witb anottier electroscope. De- 
scribe the indications of this electroscope while tbe machine 
is in action and the lamp burning, and aiso after the lamp 
is blown out. 

6. A stick of sealiog-wEix rubbcd witb âannel is held 
over a gold leaf electroscope, and the cap toucbed. 

(i) What will be the state of the leaves î 

(ii) If tbe stick be brought nearer the cap, wbat will 
be the indication ? 

(iii) If the stick be mored further away, what will be 
tbe indication ? 

(iv) What will be tbe effect of holding a large ïnsu- 
Ixted plate of métal between the sealing-wax and the cap î 
What effect will tbe thicknesa of the plate hâve ? 

(v) What will be tbe effect if tbe ebeet of métal be 
tioinaulated î 

(vi) What will be the effect of substituting a plate of 
parafhn for the métal plate ? 

7. There are two similar gold leaf electroscopes, one 
with a point attacbed to the cap. A pièce of sealing-wax 
rubbed with flannel is held over eacb of them and removed. 
Describe the indications of the two electroscopes before and 
after the removal of the sealing-wax. 

8. An insulated métal cylinder, positiveiy electrified, is 
held witb ita asis vertical, and a funnel whose nozzte pro- 
jects along the asia of the cylinder to néar ita middle bas 
water poured into it. 

II. i-.<i",G(Hinlc 
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(i) The fuDDel ia uuinsulated, détermine the electrical 
state of the issuing water. 

(ii) If the fiinnel now be ïnsulated what efTect will be 
prodaced on the electri&catioD of the issuing jet at fîrst, and 
after a time î 

(iii) In questloQ (i), after the water has run through, 
the funnel is insulated aod reiuoved, what wiil be the nature 
of ita electriâcation î Will ît differ from that of the fiinnel 
in questioQ (ii) after the water is exhausted î 

(ît) What effect will be produced on the issuing jet, 
by Connecting the funnel with the cylinder ? 

(v) In (i) the issuing stream of water flows into 
another funnel, which is contained inside a second insulated 
cylinder and connected with it. What will now be the state 
of the issuing stream, and what would be the electrical state 
of the second cylinder supposed neutral at firstî 

(vi) Will the potential of the lower cylinder go on 
inereasing without liiuit; or if there be a limit, on what will 
it dépend ? 

(tîî) Show how an arrangement dependîng on the 
principle of the preceding questions could be constructed, by 
which a small coarge given to a Leyden jar coùld be aug- 
mented to a high degree. 

9. A positively electrified particle repels every otber 
positively electrified particle, but two conductors charged 
with positive electricity do' not necessarily repel each other. 
Ëiplain this apparent paradox. 

10. Show that two equal conductors similarly placed 
with respect to each other, both raised to the same potentiai, 
and insulated, always repel eacli other. 

11. Show that if the potentials of the two conductors in 
the last question differ ever so little, they will, at great dis- 
tances, repel each other, but at very near distances (supposing 
no spark to pass) they will attract each other. 

12. Twô veiy thin parallel plates are pressed closely 
tc^ether, insulated and electrified. Show that the work done 
by them during séparation equals half the whole energy of 
the electrification. 

9—2 
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13. Two tbÎD parallel plates are electri&ed to the same 
potential, draw a rough dtagram of the linea of force. 

11. The two thtiL plates in the preceding question are 
electritied to slightly différent positive potentials. Draw the 
linea of force, and show tbat whea very near together there 
»iU be an attractive force, and when very far apart a répulsive 
force between them. 

Using the notation of Art 84, the energy of the system is 
iC(F,-F.)" + JC'(F/+F,'). 

The» if C„ Cy be the rate of change of the capacitîes 
C, C as x the distance of the plates is increased, the force 
helping séparation will be 

ja(y,-F,)*+ic;(r.'+r,'). 

Now (Art. 9i)C=~, and therefore ( Art. 95) 0,=--^-^. 

The value of G' we do not know, but it certainly increases 
with X (Art, 105). Hence for the force separating the plates 
we bave 

-^'('"■-'"■>'+*'^-'"">'".">- 

This shows that if V — F, be not zéro, the force must 
certainly be attractive if the plates are uear enough. 

Again, the fïrst term becomes as small as we please by 
increasing x and the force will then be répulsive. Also i£ 
F, — K be small the first term will become inaignificant even 
for such moderato values of ce that the assumed form of ex- 
pression for the capacity still remains true. Hence we infer 
that in bringing the plates very near there will be an attraction 
between them, and on separating them far enough apart a 
repulsion. 

15. Two sphères of radii 4< and 5 centimètres are ctm- 
nected by a long and fine wire, find the proportion in which 
a charge communieated to the system is divided between the 
sphères. 

16. A sphère of radins one décimètre is connected by a 
long wire with a plate one décimètre square, which bas at 
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distance one millimètre frnm it another parallel plate con- 
nected with the earth. Find the ratio îa which a charge 
will be divided between the plate and sphère. Calculate 
aiso the numerical capacity of the whole sjstcin. 

. , ^. 10(7r + 25) 

Ans. TT to 23 — ^^ — — ^ . 

nr 

17. A thin circular plate whose radius is one décimètre 
is charged with a unit of electricity, and moved till distant 
one millimètre frora a similar plate connected with the earth. 
Compare the potcntial of the plate before and after the move- 
ment of the plate. Ans. 25n- to 2 nearly. 

18. Two sphères, each one décimètre in radios, are 
connected by a wire. A third conductin» sphère is con- 
centric with and envelopes one of the sphères, and is also 
connected with the earth ; the distance between the surfaces 
being two millimètres. Show in wbat proportion a charge 
coiumunicated to the System is divided. Ans. 51 to 1. 

19. Â Leydeo jar one millimètre thïck, and baving 

1 sq. decimeire surface, ia fully charged by 5 tums of an 
electrical machine. How many tums are necessary to charge 
a battery of éO square décimètres, and 6 millimètres thîck ? 

Ans. 33J. 

20. With same data as quea. 19, what fraction of full 
charge will be communiciited to a battery of 20 aq, déci- 
mètres, "ô mil thick, by 45 tums of the machine ? Ans. -^q. 

21. With same data as ques. 19, a battery havîng 200 
sq. décimètres is charged by 500 turns of the machine. Find 
the thickness. Ans. 2 m.m. 

22. Compare the energy of discharge of two batteries, 
one of 20 sq, décimètres, and the other of 80 sq. décimètres, 
both of same thickness, and chat^ed to same potential. 

23. Compare in last question the energy of discharge 
of the two batteries, supposing one charged with 80, and the 
other with 150 tums of the machine, neither being aupposed 
fully charged. Ans. 256 to 225. 
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24. Compare the energy of discharge in two batteries, ' 
one of 15 sq. décimètres and the other of 60 Bq. décimètres, 
each chargea by the same niimber of turas of the macbine, 
the thickaess being the same in both. Ans, 4 to 1. 

25. Compare the capacities of two batteries, one of i 
40 sq. décimètres, 1 mil. thick, the other of 100 sq. décimètres, | 
1*5 mil. thick. Ans. 3 to 5. ! 

26. Compare the potentials of two batteries, ODe of i 
30 sq. décimètres surface, IJ mil. thick, the other of 80 sq. 
décimètres surface, '8 mil. thick, charged with equal amounts 
of electricity. Ans. 6 to 1. 

27. Compare the potentials of the two batteries in the 
last question, supposiog one charged with 10 tums of the j 
machme, aad the other with 40 tums, supposing neither i 
fully chai^ed. Ans. 5 to 4. j 

28. Compare the amounts of beat evolved in the dis- 
charge of the two batteries of the last question. Ans. 5 to 16. 

29. A batteiT of 20 sq. décimètres charged with 40 
tums of the electncal machine will just puncture glass -3 mil. j 
thick. What extent of coated surface of the same thickness, ' 
charged to the same poteatial, wiil pierce a sheet of glass 
3 mil. thick î l 

30. Two paraltel conducting plates are connected, one 
with the eartb, and the other with a source of electricity of 
constant potential. A poaitively electrified particle falls ; 
from the positive to the négative plate. Show that i 

(i) The particle falls under a uniform accélération , 
which varies inversely as the distance of the plates. 

(ii) The time of falling is directly proportional to the 
distance betweeu the plates. 

(iii) The velocity acquired in falling is independent of 
the distance. 

31. A gold leaf electroscope is connected by a long wire 
with various points in succession on an electrified conductor, 
the distribution being (1) free, (2) induced. What différence 
(if aiiy) will there be in its indications ? 
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S2. In what respecta will the iDdications of tbe pre- 
ceding question differ (1) from tliose obtained by touching 
the various points with a proof plane and bringing it near 
tbe electrosûope, (2) from tbe résulta obtained by suspending 
pitb balls at Tarions points on tbe conductor ? 

33. Tbe plates of a condensing electroscope are con- 
nected by a long fine wire, electrified and separated. Will 
there be any cbange observed in the divergence of the leaves 
during séparation ? 

34. How are the potentials of the surfaces of a charged 
and insulated Leyden jar affected by letting down into it a 
conductor — 

(i) Connected with tbâ earth î 
(ii) Completely insulated ? 

(iii) Completely insulated, but left with one half ex- 
tending outside the jar ? 

35. Two plates, baving gold leaves attacbed to their 
faces, are chai^ed as a Leyden jar, and insulated. The dis- 
tance between tbe plates is now varied. Discuss fully the 
changes in the state of the gold leaves as the distance is 
varied. 

36. A Leyden jar is cbarged and placed on the cap of a 
goJd leaf electroscope. A Bœall body, neutral or electrified, 
18 brougbt near tbe knob of the jar and then removed. De- 
scribe and explain ail the indications of the electroscope (1) 
wben tbe body is neutral, (2) when positive, (S) when 
négative. 

37. What différences would there be in the preceding 
question, if the body be aliowed to touch the knob of the jar ? 

38. A séries of n jars, whose capacities are C„ C^ (7,,... 
are cbarged by cascade and fitted up as a battery. Show that 
if we ueglect the free charges, and V dénote the potential of 
the source, and Q the charge of the battery, 

n7_l_ 1_ J_ 
Q" ' CjU,'^C, + ;.,.,...,Gooylc 
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39. Eence show that the charge of a hattery charged 
by cascade is greater thui that of the jar of lowest and less 
tban that of the jar of highest capacity, chai^ed from the 
saine source. 

40. Three jars are connected by Goe wires and chaiged 
by cascade. Shoir how to calcnlate the electrification of the 
System, making allowance for the free charge. 

Ans. If C,, C,, C, be the ciqucities for bonnd charge, 

»ii if\he free capacities of charges on inner coats, 

o,, Oy 0, be free capacities of charges on outer coats, 

and V be potential of source, the potentials of the inner coats 

of the second and thtrd jars arc respectively 

g.(g.+ g, + i. + o,) j, 

(C,+ C, + ù + 0.) ( 0, + (7, + 1, + o^ - G.' ■ ' 



a a 



.Y. 



(C.+ 0, + i. + o,)((7.+ (7, + i, + cJ-C;* 

41. A numher of conductors of capacities (7„ C^... are 
raised to potentials F„ V^... respectively, and afterwards con- 
nected by fine wires so as to form one conductor. Show that 
the potential of the conductor is given by 

42. Show that in the preceding system the energy of the 
whole conductor is to the energy of the separate conductors 
as [X{CV)y is to se X S (OP). 

43. Two eqnal jars are charged one positively and one 
negatively to the same potentials. The inner and outer coats 
are then connected by wires. What will he the state of each 
jarî 

44. In the preceding question, does electricity pass 
from one outer coat to the other when both are at zéro 
potential ? 

45. In the last question but one, what would happen if 
the outer coats were insulated and the inner coats connected 
by a wîre î 
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46. Two sphères, whose radii are r, and r„ are in régions 
of potentials F, and F, and are connected by a fine wire : 

(i) Find tho potential of the syslem. 
(ii) Find the free cbai^s, supposing the wire to be sud- 
denly eut by a pair of scissors with glass handles. 

47. A bail is insulated and held wîtliin a Leyden jar, 
being connected by a wire with an electroscope outside. 

(i) What wiU be the indication of the eleotroscope when 
the jar is first charged î 

(ii) What would be the siraultaneous indication of 
aoother electroscope entirely within the Leyden jar and 
connected with the bail ? 

(iii) If after charging the jar the bail be touched by 
the finger, what will be the indication of the outside electro- 
scope î 

(iv) How will the indication of the electroscope be 
affected if the jar gradually leak î 

(v) If the Leyden jar be charged and insulated before 
the introduction of the bail, how will the introduction of 
the bail affeet an electroscope connected with ils outer sur- 
face? 

48. A plate of radius a bas another plate of the same 
radius at a small distance T from it. 

(i) If the System be charged as a Leyden jar, compare 
the free and bound charges. Am. As ¥£ to air. 

(ii) If the plates of the Leyden jar be insulated and 
removed to a distance (, find the potential of the plates and 
the amount of the free and bound chaires, Discuss both the 
casea in which t is greater and less than T. 

(iii) The plate reçoives a charge Q of olectricity and 
ia moved till it is distant T from the second plate, which is 
connected with the earth. Find the potential and the amounts 
of the free and bound chaînes, 

ir A-T 
Ans, Potential = -. -jjf— —■ Q- 
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(tv) If a= 1 décimètre and T='01 cm. and tbe systeni 
be charged as a LeytleQ jar, calculate the rise in potential of 
eacli plato when the plates are entirely separatenl. How is 
this applied io tlie coodeusiDg electroscope ? 

Ans. Batio of 1 to 125ir. 

(v) Tbe two plates are charged as a Leyden jar aûd the 
positive plate is removed, the négative plate being left un- 
insulated. Fiod the whole nork done. (See Art. 105.) 

49. A Leydeu jar is chai^ed in the usual manner and 
insulated, The knob is now touched by the finger. Fiad tbe 
change in potential of the two coats and calculate the energy 
of the discharge. 

50. Two Leyden jars charged to différent potentials bave 
their knobs brought for an instant into contact. Calculate tbe 
energy of the spark which passes. 

51. A Leyden jar is chai^ed, and tbe cbai^ divided 
witb anotber eqnal Leyden jar, which is uncharged. Show 
that one-half tbe whole energy of tbe System runs down in 
the spark. 

52. Find the enei^y expended in charging a conductor 
of known capacity to a given potential by means of a unit 
jar, wbose potential of discharge is known. Show that it will 
be independent of the capacity of the unit jar. 

53. A Leyden jar is charged and fîtted up witb (n — 1} 
uncharged similar jars to form a battery, show that the whole 

energy is only - of the energy of the single jar. 

54. A plate is placed between two equal and parallel 
plates, and the three are electrified to given potentials, the 
middle plate being highest. Find the position of equilîbrium 
of the middle plate. 

55. Ifthe middle plate, when in a position ofequilibrium, 
be removed, find tbe amount of its charge. 

66. Show that tbe equilîbrium in tbe preceding esample 
is UDstable. 
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57. Explain the neceasity of a bifilar or analogous eus- 
pension ia the needle of a quadrant electrometer. 

58. Explain the experimeut of 'Mahomed's CofEn.' A 
small chip of gold leaf, pointed at one end and bluot at tho. 
other, îs throwtt into the air near the knob of a chai^ed 
Leyden jar, and is observed to remain freely suspended for 
some time. 

59. Show how to find the potential at any point between 
two parallel plates electrified to diffi^rent potentials. 

60. A small sphère is insulated and placed between the 
parallel platea in the last question, show how to détermine 
ita potential 

61. If a small insulated sphère be placed between two 
coDcentric sphères, chargea as a Leyden jar, show how to 
find ils potential 

62. Show that any symmetrical conductor, placed sym- 
metrically in a untform ûeld of force, will hâve the same 
potential as that at its centre, supposing the conductor re- 
moved. 

63. A sphère of radius r is insulated in a large uncharged 
Leyden jar without contact wîth the walls. It is connected 
by a long wire with another sphère of radius S, insulated ia a 
région of zéro potential. The jar is charged, and its potential 
rises uniformly at the rate of v units per second; find the rate 
of âow of electricity through the wire. 

A rJt .. ,„ 

Ans, n'» umts per 1 . 

64. Deduce the rate of flow iu the preceding example, 
supposing the wire to hâve its distant end to eaxth. 

65. A soap-bubble is blown and afterwards electrified, 
Find an expression for the radius of the soap-bubble that the 
iaternal pressure on the soap-Slm may bc constant as the 
electriâcatiou proceeds. 

Ans. p' = ô-{l — j), where II is the constant pressure, 

a the initial radius, r, p the radius and electrical density at 
aoy time during electrificatiou. 
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6C. Jn HolU's Machine OT iu the electropkorus,a,ayajnount 
of electricity liowever small is made to produce an atnount 
of electrical séparation as great as we pîease. Can this be 
recoDciled with tbe principle of conservation of energy? 

67. An unelectrified conductor at zéro potential on being 
insulated and introduced into a space at potential V assumes 
the potential of the space. Show how tbis can bs reconciled 
with the principle of conservation of energy. 

68. Point eut how the same principle is satislîed in the 
water-dropping apparatus described in ques. 8. 

69. Show that in a aystcm of equîpotential surfaces 
round an electrified sphère, the distances of the consécutive 
membera of the sjstem of equîpotential surfaces from tbe 
centre of tbe sphère form au Harmonica! Progression. 

70. If any System of equipotential surfaces be freely 
electrified, the capacity of any surface varies inversely as its 
potential, supposing each surface to enclose the whole elec- 
trical System. 

71. Show tbat the rate of movement of any equipo- 
tential surface as the elec tri fi cation proceeds at a uniform 
rate, varies inversely as the product of the force at the point 
on the surface multiplied by the capacity of the surface for a 
free electrification. 

72. Show that in the case of an electrified sphère, the 
rate of electrification is equal to the velocity of any equi- 
potential surface multiplied by ita potential. 

73. If a sphère be at zéro potential, and hâve its centre 
at a distance /(> radius) from a particle having m units of 
electricity, show that the quantity of electricity on the sphère 

is — ^ , a being the radius. 

74. If the sphère be cbatged with Q units of electricity, 
and brought near a point having m units of electricity, fiod 
the potential within the sphère. 

A Q m 
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75. If a hoUow sphère be charged with Q unîts of 
electricity, and hâve aparticle charged with -g units in- 
troduced through a small aperture, find the position of the 
particle that the potential at the centre may be zéro. 

Aiis. Distance from centre = -^ . 

76. A sphère near an electric system isbrought to zéro 
potential and insulated. On being removed the potential of 
the sphère ia found to be — V. Show that the sphère occupied 
such a position that the potential at its centre due to the 
given System was + V, 

77. Two sphères of unequal radii are charged to the 
same potential, insulated, and brought near to eacb other 
tUl a spark passes. Find in which direction the spark wili 

pass between the sphères. 

78. To find the work done in moving a particle charged 
with a given quantity of electricity from any given point 
within a sphère to its centre. 

Let P be the position of the particle charged with m 
units of electricity and CPT a diameter, T being conjugate 
to P. Let P', jT be a pair of conjugate points on the same 
diameter near to P, T. 

Tbe force on m at P is only that due to attraction 



. Force =. pi^ = 



But if PQ. FQ' be drawn perpendicular to GPT, 
a'-f-CÇf-CP'-PQ'; 



„ , „„ nm' CP+CP 

nence average force over Ft^ = -s- , pn- /^n' ' 
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:. Work done through PP' = -^ . pQ, ^ p-Q-i 

om- CP'-CP^ om- P'(P-PQ' 
" 2 ' PQ'.P'd'' 2 • PQ'.Pq' 



"W 



\p</ j'çrf 

Adding tte whole work from a given point K to the centre 






2a (a' -/") ' 
siipposing CK=f. 

79. A sphère is at zéro potential, flnd the work done in 
removing a particle charged with a given quantity of elec- 
tricity from any esternal point to an in&nite distance. 

80. Â spbere is charged with a given quantity of 
electricity, find the work done in inoving a particle from 
any given external point to an infinité distance. 

-*"«• - ^ j P zr ^) ~ ^ <^/+ **)• ^ ^"^'"S **^® S'ven chai^. 

81. A very large insulated ctrcular plate haa a particle 
chaiged with m units of electricity very iiear to its centre, 
find the potential of the plate. 

Ans. — — nearly. 

82. A sphère having a chaîne of electricity is brought 
near an eleetrified particle. Iind an expression for the 
density of the electrification at any given point 

Ans. Let Q be the charge of the sphère, a its radius, ç 
the charge of the eleetrified particle,/ its distance fi-om the 
centre ; then the density at a point distant r from the elee- 
trified particle is 

g(. r-<-') . '^^1'" 



PBOBI.EHS IN STATICAL ELECTRICITY. 143 

83. An insulated, but unelectrified sphère, is brought 
near an electrified partîcle. Find the position of the Une of 
Deutral electrification. 

Ans. Uaing the same notation as in ques. 82, the dis- 
tance from the electrified particle is 

^/</"— ■»■ 

84f. A uniformly electrified ring is placed in a diamétral 
plane of a sphère at zéro potential and is concentric with it, 
find the density of the charge at either pôle. 

85. If a ring, bavtng the same radius as a sphère, be placed 
in a tangent plane to the sphère, so that the point of contact 
is the centre of the ring, compare the electrical density at 
the centre of the ring and at the opposite extremity of tbe 
diameter, the potential of the sphère being zéro. 

86. Given the amount of electrification of the ring, find 
the amount of the whole înduced charge in each of the two 
last questions. 

87. If the rin^ be placed in a syrametrical 
side the sphère, find the density at the two pôles. 

88. A closed région, whose surface is a bad conductor, 
encloses a very délicate electroraeter; electrified bodies are 
moring about with great velocity outside the closed région, 
will the electrometer give any indication î 

89. What would be the best form of electrometer for 
conductiug the above experiment, and in what manner woutd 
you fit it up to make the indications as great as possible î 

90. If the movement were one of rotation round the 
closed spaee, so as to keep the moving bodies on the whole 
itt a constant distance, would there be any indications? How 
would an observer, placed outside the région, proceed to 
make 'observations in this case ? 

91. If yon were in a closed space, having only a small 
aperture, how would you proceed to détermine the electrifica- 
tion of tbe space î 

92. How far does the method you employ in the preced- 
ing question apply to détermine the ahaolute electrification of 
the earth? ,-. ' , 



141 PfiOBLEHS IN STATICAL ELECTEICITT. 

93. What would be the electrical state of a sky-rocket 
juRt before reacbiag Ibe earth? 

94. A ballooD is allowed to asceod from the earth carrjing 
a bumiug matoh, wliicb is kept counected with one terminal 
of a quadrant elcctrometer by means of a fine insulated wire, 
wbich is let ont as tbc ballooa asceods. Duriog the first 
hundred yards the potentîal rises gradually at the rate of 1° 
per 10 yards of ascent. After this the register is constant for 
20 yards, for the next 50 yards it falls at the rate of 1° per 15 
yards, and again rises unifonnly at the rate of I* per 12 yards 
of ascent. What inferences as to atmospheric electricity would 
be drawn from thèse observations? 

95. Explain why in a Leydeo jar the loss of chai^ge 
appears more rapid a few minutes after first chargïng than 
it does afterwards. 

96. A Leyden jar is chaiged and left for a few minutes, 
when its chaige is divided by instantaneous contact with 
another equal jar. State what will be the condition of tbe i 
two jars a few minutes afterwards. 

97. A Leyden jar made of a plate of shellac, coated on 
both aides, is charged, discharged and the coats removed. 
What will be the electric state of the surface of the shellac, 
and how wiil it vary with time ? 

98. If two sphères, placed in oil of turpentine, be charged 
to given potentiaJs, will the force between tbem be greater or 
less than in air! 

99. If two sphères be charged with given quantities of 
electricity and placed in oil of turpentine, will the force be- 
tween them be greater or less than in air? 

100. A métal sheet is placed between two plates o( non- 
conducting matter, whose inductive capacities are Ksnd K', 
Mid their thicknesses t and C, and two other métal sheets 
are placed outside the plates. The inaer sheet is kept at 
potential V, wbile the outer sheets are at zéro. Compare tbe 
charges on the outer sheets ou beiag insulated and removed. 

101. Faraday constnicted a room coated exteraally with 
tinfoil and furnished with an aperture or window. The whole 
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room was iusulated on glass legs, aad could be powerfully 
charged by a latge frictional machine. 

(i) On charging the room, what effect would be pro- 
daced on ekctxometera placed inside itï 

(ii) How would a person înside proceed to détermine 
the extemal electrifieation of the room ? 

(iii) If a frictional machine be carried insîde the room 
and worked, the rubber being connected with the walla of the 
room, how will a gold leaf electroscope, placed outside in con- 
tact with the estemal surface, be anected ? 

(ït) If a bail be charged inside the room, insulated and 
canied out,wliat effect will be produced on the electroscope? 
(v) A number of conduetora are charged from the 
machine within the room, and suspended by silk threads 
witbin the room, how wQl thèse affect the external electro- 
scope? 

102. A bail is electrified and held above a métal plate, 
which is tben touched by the finger, what indications would 
be obtained by testing the plate at varions pointa above and 
below with a proof plane ? 

103. A metallic bail is lifted by a silk fibre on to the top 
of a rod of sealing-was, the lower part of which has been 
nibbed with a silk baDdkerchief, what indications would be 
obtained by touching it at various points with a proof plane? 

104. What différences would there be in the last ques- 
tion if the ballhad been placed on the sealîng-wax by handî 

103. Two large spaces are constructed, wbicb are kept 
' ^t constant potential, one A at potential V^, the otber B at 
potential V^, supposing F, > F,. Two sphères of equal radii 
are placed in thèse régions insulated from tbem, and con- 
nected by a âne wire also insulated. 

(i) What will be the potential and tbe amount of charge 
oneach sphère? 

(ii) What would be the indication of an electroscope 
placed in space A, and connected with its sphère? 

(iii) What would be the indication of an electroscope 
placed in space B, and connected with its sphère? 



I 



C. E. 
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(iv) A burning métal lanip is placed on the sphère in 
région A, how will tbe iadications of the two electroscopes 
be affected î 

(y) If a buming métal lamp be placed on each sphère, 
how wUl the iodications be affected? 

(vi) Wbat will be the effect on the indications of the 
electroscopes if the wire be at some point to earth î 

106. A sphère of radius ooe centimètre is charged with 
a unit of electricity and placed in a space at potential 10, 
what will be the potential of the sphère ? 

107. A sphère of radius unîty is introduced into a place 
at potential 5, and tben connected with the earth. What 
will be its free charge on being insulated and removed î 

108. A conductor whoae capacity is 4, is introduced into 
a room whose potential ia 4, and the conductor is then 
brought to potential 3, insulated, and removed. What will 
be the amount of the electrification ? 

109. A conductor whose capacity is 6, is charged with 
12 units of — electricity, and placed in a région at potential 
3. What will be the potential of the conductor? 

110. A conductor at zéro potential is in a space at po- 
tential 8 ; on being insulated and removed it Las 24 units 
of — electricity. What is its capacity ? 

111. A conductor of capacity is charged with Q units 
of electricity, and put in a space at potential V. What will 
be the potential of the conductor î 

112. A conductor is brought to zéro potential in a space 
at potential V. On being insulated and removed it ia found 
to bave — Q units of electricity. What is its capacity ! 

113. A conductor of capacity G is placed in a région at 
potential V, and brought to potential V. Find its charge. 

114. If the prime and négative conductora of an elec- 
trical machine hâve equal capacities, show that the effective 
working of the machine ia at first diminished by one half, 
when the négative conductor is insulated 
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115. If the capacitiea in the last question are in the 
ratio G, to C,, find the ratio in which the effective working 
is at ârst diminished bj insulatiog the négative conductor. 

116. If an electrical machine be placed io the open air 
at a heîght h from the earth, and worked {with rubher unin- 
sulated] tîll the prime conductor haa a charge e of electricity, 
when the earth connection is broken; show that négative 
electricity is spread over the earth with a density at any 

point represented by s — ^ , where r ia the distance of the 

point from the machine. 

117. Show also that the change produced in the po- 
tential of the earth is to the potential of the conductor 
m~kC to ^, where C is the capacity of the conductor and 
R the radius of the earth. 

118. By inverting the electrification of a circular dise 
with respect to its centre, find the electrification of an in- 
finité plate coonected with the earth, having a circular 
aperture, under the inâuence of an electrified partïcle at the 
centre of the aperture. 

Atis. If e be the quantîty of electricity at the point, 
and a the radius of the aperture, the density at a distance r 
from the centre 

1 ae 



119. By inverting the electrification of a circular dise 
with respect to any point in a Une perpendicular to it 
through ita centre, find the electrification of a bowl in the 
shape of a spherical segment, having an infiuencing particle 
at its opposite pôle. 

Ans. If e be the quantity of electricity at 0, the in- 
ftiiencing point, P the point on the bowl, A, A' the pointa in 
«hich a diamétral section through OP cuts the rim, then 
the density at P 

le Oâ 



' 27r' ■ OP" • JPA . PA' ■ 
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CHAPTER V. 



THEORY OF THE VOLTAIC CELL. 

137. We have stated that when two conductora brougbt 
by means of an electrical machine to différent potentials are 
joined by a conducting bridge, an equalization of poteotial 
takes place through the bridge, which we may represent as 
a flow of electricity from the place of bigher to that of lower 
potentiat, or briefly as a current of electricity. We bave, 
moreover, calculated the mechanical équivalent of sucb a 
discharge, the energy being converted into beat in the bridge, 
or into work estemal to the bridge in a variety of ways. 
The phenomena belonging to the bridge while the curretit is 
passing form the spécial subject for considération in Voltaic 
Electricity or Galvanism. 

The current obtained by means of the common form of 
machine is a single instantaneous dîscharge, or a rapid suc- 
cession of such instantaneous discharges, and therefore ill 
adapted for the production of the class of phenomena to 
wbicb we hâve alluded. They can be observed to perfection 
by means of the galvanlc battery, in which the electrical 
séparation takes place with such rapidity, that the successive 
discharges, if they exist, cannot be separated by the most 
délicate tests. We must bear in mind, however, 'that the 
différences of potential with which we are concemed are 
extremely minute compared witb those obtained in the 
machine, while the quantity of electricity in motion is incom- 
parably greater. To return to our old hydrostatical analogy, 
the machine current is a tiny stream tumbling down a pre- 
dpitous hill-side, the galvanic current is a vast lake flowing 
through an almost level valley. 
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138. Before proceeding to the pIieDomeDa themselves, 
we shall consider the connection betweeo the two modes of 
generating electricity. 

Iq ail forma of electrical machine the source of electricity 
is iiltimately the friction of two hodies of différent sub- 
Bbuices, which, vhen mbbed together, appear to exercise an 
unequal attraction for the opposite electricitîes, which were 
at first ueutral in both bodies. The resuit of this unequal 
attraction is the production of a différence of potential be- 
tween the bodies, this difiference, while they are in contact, 
depending on the nature of the rubbing surfaces, and on the 
àmount of rubbing. 

The energy represented by this différence of potential 
is derived from the mechanical rubbing, as also are the beat 
and change iu character of the two surfaces which accom- 
pany it. 

For the development of the galvanic current, it appears 
necessary that tbere sbould be at least three heterogeneous 
bodies arranged in a circuit, one of such bodies, at least, capable 
under some conditions of being decomposed and formmg a 
chemical compound with one of the other two. 

139. Suppose A, B, C tohe three such bodies, of which 
A, B exercise a chemical affinity for each other. The deve- 
lopment of the current has been attributed to one of two 
causes: — 

(i) To the différences of potential produced at the three 
places of contact, A with B, B with C, and G with A. This 
is Volta's or the Contact Theory. 

(ii) To the chemical attraction between A and B, which 
throws the circuit into a state of polarization ; the resulting 
chemical action being accompanied by an electrical discharge 
round the circuit ; the galvanic current being the resuit of 
a rapid succession of such alternate polarizations and dis- 
chai^es. Thia is Faradays or the Chemical Theory. 

Thèse two théories of the action of the cell hâve been 
warmly debated among physicists, our countrymen for the 
most part siding with the more récent theory of Faraday, 
vhile continental physicists bave for the most part accepted 
the older theory of Volta, though somewhat modiâed. The 
point of dispute amounta briefiy to this : Volta recognized 
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thnt ooe of the three Bubstaocee in the circuit must be a 
fluid ; Faraday, however, seeing tliat the chemical com- 
positioii of this âuid was, in ali cases, altered bj the passage 
of the cuirent, attributed the current eolely to this chemical 
action. As a crucial experimeut he coustructed a cell in 
which were two metals and one fluid, the fluid being (for 
âuids) a good conductor, but uot capable of actii^ cbemically 
on either of the metals. He showed, by the most délicate 
testa, that in this case there was no current in the cell. This, 
in his opinion, entirely overthrew Volta's Theory. More re- 
cently, however, the perception of the law of Conservation of 
Ëner^, first put fortb by Helmholtz, bas sbown that în the 
crucial experiment relied on by Faraday tbe existence of a 
current would hâve been an iudependent création of energy. 
This bas again opened the question, and expérimentera hâve 
diligently set themselves to work to put the theory of Volta 
again to tbe test of exact experiment. 

So great, however, is the intrînsic difficulty of thèse ex- 
periments, that it is hardly too much to say that at présent 
in no single instance bas a diflerence of potential been 
directly shown between two bodies, independent of the 
gaseous médium between them, of tbe pressure with whieh 
tbey are brought together, and of the friction witb which 
they are separated ; the existence of such a différence of 
potential in every case lying at the very foundation of 
Volta's theory. 

140. Nearly ail the experiments hitberto made on the 
différence of potential caused by contact of two différent sub- 
stances, dépend on the principle of the condenser with air as 
dielectric between tbe condenser plates. Thus to find the 
différence of potential in absolute measure between zinc and 
copper, plates of thèse metals ground quite true are placed at 
.a measured distance apart, and connected with the terminais 
of a quadrant electrometer. After Connecting the two plates 
outside the condenser for a moment, tbe condenser plates are 
separated and tbe deflection of the electrometer observed, 
thus giving a direct meaaure of the différence of potential in 
question. Experlnaenting on this principle, the différences 
of potential at the successive beterogeneous contacts both 
in a zinc-copper and a DanieU's ceU bave been given in 
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absolute measure. A little coneideratioD however will show 
that ia thèse experiments what is really measured is not the 
différence of potential between ziûc and copper, but that 
between air in contact with zinc and air in contact with 
copper, the zinc and copper being in contact ; and ît haa there* 
fore been assumed that a métal is at the saine potential as 
the air in contact with it. That this is not a necessary 
property of gases is proved by Mr J, Brown (Pkil. Mag. Aug. 
1878), who bas shown that copper is négative with respect 
to iron in air, but is positive with respect to iron in hydrogen- 
snlphide. The only method depending on any other princîple 
than that of the condenser plate is thus esplained by Prof, 
Clerk Maxwell. {The Electrician. April 26, 1879.) 

" If we cause an electric current to pass froni copper to 
zinc, the heat generated in the conductor per unit of elec- 
tricity is a measure of the work done by the cun-ent per unit 
of eleetricity, for no chemical or other change is effected. 
Part of this heat arises from the work done in overcoming 
ordinary résistance within the copper and the zinc, Thia 
part may be diminished indefinitely by letting the eleetricity 
pass very slowly. The remainder of the heat arises from the 
work done in overcoming the electromotive force from the 
zinc to the copper, and the amount of this heat per unit of 
eleetricity is a measure of thia electromotive force. Now, it 
ia found by thermoelectric experiments that this electro- 
motive force is exceedingly small at ordinary températures, 
being less than a microvolt, and that it is from zinc to cop- 
per," The microvolt hère alluded to means the millionth 
part of a volt. Experiments conducted with great care by 
Profs. Ayrton and Perry give for the same potential différence 
when estimated on the condenser principle, three-quarters of 
a volt. Thèse lattcr experiments are of interoat, since they 
show that the sum of ail the potential différences estimated 
hy thia method of the différent heterogeneous contacts equals 
the total potential différence between the terminais. 

141. To understand how the contact of two substances 
may produce a différence of potential, we must make some 
assumptiona with respect to the molecular physics of bodies. 
The assumption usualJy made is that ail bodies hâve their 
molécules in a constant state of vibration, while the ampli- 
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tucles and periods of vibration are différent in differeuti 
bodies. 

Thus when the molécules of two différent bodies impinge 
on each otber, as at the surface of contact, they cannot 
accoœmodate themselves to each otber's motion, but constmn 
each otber, tbis constraiot producing a loss of energy. If, 
however, tbe two substances are of the same kind and at the 
same température, the molécules on each aide of the surface 
of contact are swinging in exactly tbe same manner, and can 
easily accommodat« themselves to eacb otber's motion witb- 
out more constraint than exista in the interior of eitber body. 
It is tbis ]os3 of energy owing to the unsymmetrical ewing- ] 
ing of the molécules at the surface of contact whîch reappears 
as différence of potential between the two bodies, or as the I 
energy of electrical séparation. 

The opposed electricities so separated will, for tbe most 
part, be heaped up on either side of the plane of séparation 
by a Leyden jar action. 

Let A be tbe area in contact in any particular instance, 
Q the quantity of electricity separated, 
V the différence of potential produced. 

Then the energy of electrical séparation is (Art. 78) IQV. 

Tbe molecular eneigy abstracted will be proportional 
to tbe area in contact, and may be written mA, wbere m is a 
constant depending on tbe nature of the two surfaces. 

Hence mA = ^QV. 

Again, iu a Leyden jar of given substance and thickness 
(Art. 94), tbe quantity of the accumulation is proportional 
jointiy to the différence of potential and to the area of the 
surface of tbe jar. Hence we may write 



itant, dependin 
3 we hâve 



where n ia anotber constant, depending only on the nature of 
the two bodies. Hence we hâve 
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. Hence V or the dîfiference of poteotial produced by cODtact 
îa independent of the shape of the bodies and of the area in 

I contact, depending ordy on the substances concerned. 

i We hâve neglected hère the smail portion of the electri- 

i fication which will distribute itself over tbe two bodies ac- 
cording to electroatatic laws, maintaiuing the two bodies at a 
constant potential throughout theix mass. Thîs will in ail 
cases be exceedingly small, corresponding to the free charge 
in a Ijeyden jar. 

142. Suppose now two bodies AB, BC to he joined at 
one end B. In virtue of the contact one of them, suppose 
Fig. 47. 




AB, acquires a bîgber potentîal tban the other, BC. If now 
we conld join A and C by a body which behaved only as a 
conductor, a flow of electricity would take place between A 
and G tending to eqnalize their potentials ; the contact at B 
would develope a fresh différence of potential, and we should 
hâve a coutinuous current through AG. Thia current would 
be a source of energy, and we ehould, ïn thia case, hâve an 
nnfailing source of energy. The law of conservation of 
energy shows thîs to be impossible. Thus we leam that the 
contact of G, with A on one aide and with B on the other, 
must produce différences of potential whose aggregate effect 
ia to counteract the différence at the junctîon ît. Or calling 
X, Y, Z the three bodies, and denoting by Y \ X the di^ 
ference of potential between X and Y, assumiug X to be at 
higher potential than Y; we bave 

Y\X=Y\Zi-Z\X. , Google 
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If we regard X | F as symbolically equal to — F | JC ve 
may write this relation 

r| Zi-Z\ X+X\ Y=0. 
■which must be regarded as a fundamental relation in the 
case of ail bodies whose molecular condition remaîns unaltered 
by contact. It expresses the fact that if any number of sucb 
bodies be in continuons circuit the différence of potential 
between the extrême pair is the same as if theae two were 
in direct contact. Thia was proved experimentally by Volta 
by means of bis condensing electroscope for ail metals. 

143. Iq the typical voltaîc cell we hâve two solids, say zinc 
and platinum, immersed in a liquid say hydrogen chloride, 
whicb is capable of entering into chemical combination with 
the zinc. The relation noted above will not therefore hold, 
since there wili be an altération in the molecular condition of 
two of the substances involved. 

Ou dipping the zinc plate into the âuid, a différence of 
potential Zn | HCl is establtsbed between tbem, and in 
dipping the platinum plate in, a différence Pt [ HCl is 
established. The fluid l>eing a conductor, a distribution of 
electricity over its surfaces takes place instantaneously, and 
establishei^ equality of potential throughout the fluid mass. 
The zinc and platinum plates are therefore at différent po- 
tentials, the amount of différence being 

Zn I HCl + HCl I Pt. 
Tbis différence could be tested by a quadrant electrometer, 
provided the alternate pairs of quadrants were of zinc and 
platinum respectively. 

Suppose now a zinc wire laid across from the zinc to the 
platinum plate. At the point of contact with the platinum 
a new différence of potential is introduced represented by 
Pt i Zn. 

The whole différence of potential between the zinc plate 
and the other end of the zinc wire then becomes 
Zn I HCl -1- HCl I Pt+Pt] Zn. 

If the three substances followed Volta's law, this would 
necessarily vanish, Since however hydrogen chloride bas 
chemical affinity for the zinc, it will not vanish, and the 
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ends of the wire being now at diffeiâDt poteotials, a fiow of 
electricity takea place tkrough the wire from the platinum 
towards the zinc plate, tendiog to equalize their potêntiais. 

144. In consequeDce of this, the fluîd in contact with 
the zinc acquires a higber potential than that in contact with 
Fig.4e. 




the platinum. The molécules of the fluid become polarized, 
haviug their positive ends tumed towards the platinum, 
and their négative ends towards the zinc. Hjdrogen chlo- 
ride being a compound body, we assume that the éléments 
hydrogen (H) a»d chlorine (Cl) exercise their own electrical 
affinities, the hydrogen being the électro-positive, and chlo- 
rine the electro-negative coraponent The arrangement of 
the compound molécules might be shown thus (fig. 48o). 

The chemical affinity of the zinc and chlorine now cornes 
into play, causing the Zn to combine witli the chlorine 
atoms next to it, so as to form zinc chloride (Zn Cl,, two 
atoms of chlorine combining with each atom of zinc). The 
hydrogen of this molécule combines with the chlorine of the 
next, and so on along the whole row of molécules, leaving 
the hydrogen free at the platinum plate, the molécules at 
the same time each becoming neutraL This arrangement ia 
ahown in b, fig. 48. In this way the discharge of electricity bas 
travelled round the whole circuit. The platinum plate is 
again brought to a bigher potential than the zinc, and the 
same process is repeated, the successive discharges following 
each other with so great rapidity that their existence can 
only be inferred from theoretical considérations. 
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We find, however, apart from ail theory, after the pas- 
sage of the curreat for any length of time, tbat zinc is 
coDsamed, zinc chloride îs formed in the cell, and hydrogen 
bubbles up at the platinum plate. So iar ouc provisional 
theory accounts for the facts observed. 

We find moreover, that during the passée of the current, 
beat is developed in ail parts of the circuit, and that the 
conductor is capable of performing work external to itself (as 
the movement of a magnetic pôle, for instance). We are in 
conséquence compelled to look for a source of energy in the 
circuit. This source we find in the combination of ziac and 
cbloriue. Whenever zinc chloride is formed, beat is evolved 
in the proces3, and it îs found by actual experîment that 
the whole heat evolved (supposing no other work done] 
during the passage of the current is the same as that which 
would be given out by dîssolvîng in Hydrogen chloride 
tlie amount of zinc that bas combined vitb chlorine in the 
celL 

145. The electro-chemical property of decomposahie 
fluids noted above bas been explained by saying that a 
métal in contact with a âuid exercises not only a mass 
attraction, but also an atomic attraction. The différence 
of potential between zinc and hydrogen cbloride may be 
rcsolved into Zn | HCl ihe mass attraction, and [Zn | HCl] 
or [Zn I H + Zn [ ClJ due to the attraction of the zinc for 
the separate atoms, the lattor being denoted by being in- 
cluded in brackets. We might then write the whole différ- 
ence of potential 
Zn I HCH-[Zn ] Ha] + HCl | Pt + [HC1 [ Pt]-l-PtZn. 

We may now assume that, as far as the mass attractions 
are coucerned, tlie substances obey Volta's law, so that 
Zn I HCl-FHCl[Pt + Pt I Zn = 0, 

and the unbalanced différence of potential which ori^nstes 
the current is 

[Zn| HCl] H- [HCl [Ptl 

due only to the atomic attraction of the metals on the 
éléments of tbe fluid. 
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146. We muat now deâoe three terins of coDstant use in 
référence to a voltaic celL 

Dep, Electkomotive force 18 used to dénote the »um 
of ail the différences ofpotential effective in a voltaic circuit. 

The term electromotive force is convenîent, as we apply 
it to ail cases in which a cuirent ia originated, even when we 
canoot strictly say that there is a différence of potential. It 
should aiso be noted tiiat it ia not a force in Newton's sensé 
of the Word, but Potential energy per unit of electricity. 

Def, Electrodes. Tlie métal plates which dip inio tlie 
fluid are called électrodes, that to which the extemaZ current 
flows beîng the zincode, and that from which it flows the 
platinode. The term is also extended to any two terminais 
from and to which electricity fiows. 

Def. Pôles. The term pôle is vsed of the extremities of 
the conductor extemal to the fluid, that in connection vnth the 
platinode heing the positive pôle, that in connection with the 
zincode the négative pôle. 

The direction of the current will therefore be In the fluid 
from the zincode to the platinode, and external to the fluid 
from the positive to the négative pôle, 

147. It is sotnetimes convenient to represent graphically 
the changes of potential in the course of a circuit When 
the circuit is open this can easily be done provided we know 
in absolute nieasure the value of tbe successive différences 
that occur. 

Fie, «■ 




Thus, in the typical eell, let Z be the zinc plate, P the 
platinum plate, and K the junction of the zinc wire and 
^atiuiim plate. 
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We assume tbe differenceB of potential to be 
at Z, Zd I HCl, whicb shall be positive, and may be repre- 

sented ^ 2Â ; 
at P, HCl I Ft, which shall be négative and less tban 2Â, let 

itbe£i>; 
at K, Pt I Zn, wbich shall be positive and equal to EF. 

The broken line ABDEFH gives na the law of change 
of potential throughout the circuit. The whole electromo- 
tive force of the ceU is tepcesented by 

ZA-BD + EF== ZG suppose, 
and this would be the difiference of potential of the two 
terminais or poies, as measured by a quadrant electronaeter. 

148. We say nothing hère about the potential at any 
part of the circuit, wbich, if the cell be insulated, will be 
positive at one terminal and négative at the other. In 
practice, one part of the circuit is generally put to eaxth, and 
thus brought to zéro potential. If the zinc plate be put to 
earth, then the ordinat«s in the figure represent the potentials, 
and ZG is the potential at the other end of the open circuit 

If the platinum plate wero pu t to earth tbe potentiala vrould 
be shonn by ordinates drawa to a horizontal Une through DE, 
that at Z being equal to — DP or — EK, and that at H 
to EF, the whole différence being in ail cases equal to ZG. 

léO, The electromotive force of any cell can now be 
calculated à priori, if we know the différences of potential 
produced at tne varions contacts. The expérimental difficul- 
ties render thèse déterminations very unreliable, and we con- 
sequently content ourselves with knowing the whole electro- 
motive force active in the cell, which is tbe only thing that 
practically concems us. Having determined this for one 
cell in absolute measure, we can compare the electromotive 
forces of différent celia with it, by methods to be expUùned 
further on, 

150. It is well known that metals possess a remarkable 
power of condensing gases on their surface, aud tbe electrical 
influence of thèse gases is seen in a variety of ways. 

If two platinum plates be placed in hydrogen and oxygen 
gas respectively for some time, and be afterwards dipped in 
water (slightly acidulated to improve conduction), and then 
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joined by a wire, a current is fouiid to pass from the oxygen 
to the hydrogen plate. Since there ia no contact of hetero- 
geneous substances except platinum and water (which oc- 
curring twice, the différences should neutralize eaeh other), 
the electromotive force must be due to a différence in beha- 
viour towards water of a plate charged with oxygen and one 
charged with hydrogen. In this cell the electromotive force 
may be represented by 

Pt^l H.O+H,0 [Pto. 
wbere Pt„ and Pt^ dénote respectively that the plate is 
charged with hydrogen and oxygen. The passage of the 
current is accompanied by the disappearance of the free 
gasea, which recombine to form water, aod the cell is therefore 
active only for a short time. The energy of the cell waa ab- 
stracted from the kinetic energy of the gases, and is equal to 
the energy of chemical séparation of oxygen and hydrogen. 

The same effect arises in ail cells in wliich gas is 
lîberated at the positive plate, unless the gas be soluble in the 
liquid round the plate. The liberated gas eau.ies a backwards 
electromotive force which diminishea the effective electro- 
motive force in thu cell, and weakeus the cell as soon as it 
is in action. This effect is commonly known as polarization. 

151. To avoîd this, a variety of cells bave been con- 
structed, in which the substance liberated at the positive 
plate is not gaseous, or if so, a gas which is soluble in the 
liquid which surrounds it. 

In Daniell's cell there are two compartments divided by 
a membrane or a porous diaphragm, through which trans- 
mission of fluid and chemical action takes place. In one 
compartment is placed a zinc rod, immersed in dilute sul- 
phuric acid (H^SO,), and in the other a rod of copper 
immersed in copper sulpbate (CuSOJ. In this cell the 
radical SO^ (sulphion) takes the place of chloriue in the 
former cell, zinc sulphate being formed at the zinc plate, 
hydrogen sulphate at the diaphragm, while pure copper is 
deposited on the copper plate. The molecular arrangements 
during polarization and after dischai'ge are shown (Fig. 50) in 
the rows of molécules a, b respectively. 



160 THEOBT OF THB VOLTAIC CELL. 

The r«8ult of the action of the cell is that zinc is worn 
away, zinc sulphate beîng fonned in the acid cell, while the 
Fig.60. 




copper Bulphate is part]y replaced by hydrogen sulphate in 
the sait cell, and copper is depoaited on the copper plate or 
rod. 

The electromotîve force is represented by 
Zn I H,SO, + H^O. I CuSO, + CuSO. | Ou + Cu ] Zru 
Groves' and Bunsen's celk illustrate the same principle. In 
them the nitrous fumes given off at the carbon or platinum 
plate being very soliible in nitric acid do not polarize the 
plate. Thèse cella hâve a superior electromotîve force to 
Daniell's cell, but are not so cieanly îq workiog nor so 
durable. 

152. The cells last alluded to are called constant, since 
the oniy lirait to the working of the cell is apparently the 
exhaustion of sorae of the materials which compose it. There 
is another obstacle called local action. It is well known 
that commercial zinc contains impurities, and also that îts 
deDsity in différent parts is very différent, while the produc- 
tion of pure and horaogeneous zinc would be expensive, if 
not impossible. The conséquence of this waot of uniforraity 
ia to make the différence of potential between the zinc and 
fluid différent at différent parts of their common surface, and 
galvanic circuits are set up through the zinc itself, which 
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npîdly consume it, and interfère entirelj wîth the action of 
the cell. Toavoidtliis,tlie zinc plate usedUrubbed overwith 
mercury, wLich forms a pasty amaJgam with the zinc, gives 
the I&tter a uniform sarTace for the action of the acid, and 
preventa tJte loaU drcuàs. The mercury itself is not at- 
taeked by the acûl, bnt seems to improre the action of the 
cell hy raising the différence of potential at the eïdc plate. 

By this means aod the employment of various contriv- 
auoes for ejecting the reduced zinc and supplying the other 
substances, batteries of the constant class can be kept in 
w<ffking order (as for telegraph puraoaes) for montha witfaout 
furtber care tban the occasional filliug up with addulated 
water. 

153. The power of a g&lvanic cell may be increased ta 
an unlimited estent by increasing the number of cells and 
airanging them in various combinations or batteries: the 
combiaation most suitable being determined by the cir- 
cnmstances of each particular case. It will be right hère 
to coosider the electromotive force in two arrangements, 
by compounding which ail others are produced. Tbeaé ar- 
rangements are the simple and compound circuit. 

Iq the compound circuit ail the cells are arranged so that 
Ûie platinode of one cell is joined to the zincode of the next, 
the circuit being completed by joining the zincode of the first 
cell to the platinode of the last. 

The arrangement Tvith three cells. A, B, G, can be 
iUustrated thus. 

Fig. 61. 
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It 8 he the Suid and the zincode of .^ be to earth, the 
potential at the zincode of £ is 

Z\ 8 + S\ P+P\ZotK Coo-tk- 
C. E. ^1 
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The lise of poteotial betveea the zincodes of B and G 
will be agaÎD E, makiiig a total rise of ZE. 

Similarly, if tfaere be n cells va compound circuit, the 
rise of poteotial in ail tbe cella is nE, On this principle 
batteries hâve been constnicted from -which, without join- 
ing tbe tenninals, sparks bave been produced, Leyden jars 
cbai^d, attraction and répulsion illustrated, and io fact ail 
the phenomena of statical electricity exhibited. For thèse 
piirposes aeveral thouaand cells must be joined in circait, 
and eacb cell carefuUy iosulated. For an account of thèse 
experiments consult Mr Gassiot's Memoir in Pkil. Trans. 
for 1844 

154<. An illnstratîon of the compound circuit îa séea in 
Volta's crown of cups and in bis pile. Tbe last illustration 
(Fig. 51) is precisely bis crown of caps. 

In Volta's pile, a séries of zinc and copper plates are 
arranged in the following order — 

Zn S Cu ZnS Cu Zn S Cu Cu, 

S denoUng the fluid part of the circuit, wbich consista of 
pièces of flannel soaked in the âuid, generaltj acidulated 
water. "The contiguous CuZn are soldered together to pre- 
yent tbe âuid soakiug in between tbem. The theory of thé 
pile is precisely the same as that of the compound circuit, 
the diSereuce of potential of tbe terminais being simply 
propoitiunal to the number of métal pairs. 

To the same class belong the so-called dry piles, the 
best known of nbich is Zamboni's, used in the Bohoen- 
berger Electroscope. This pile consists of one to two thou- 
sand couples consisting of paper tinned on one side and on 
the opposite coated with manganèse binoxide. In thèse 
piles tîiere is an appearance of an electromotive force without 
a decomposable body. The fact seema to be that some of 
the éléments of the pile (sheets of paper, for instance) are 
very hygroscopic, and perform tbe function of the fluid. 
These piles are found to suspend their action wheu thoroughiy 
dried ,and to regain it wben left esposed to the damp of the 
air. In others glass or shellac seems to take the place of 
the fiuid. With tbem the action of the pile improves oa 
■warming, and the reason seems to be that thèse substances 
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when warm are decomposed by the circuit. That glaaa 
belongs to this clasa of coaductors is shown by the fàct 
that whea a curreDt is passe<l tbrougb two platiDum plates 
immersed in molten glass, after tte current bas passed 
for some time, tbe plates are polarized, and tbia eau only 
happen, aa far as is koowii, when the substance iûterposed is 
decoiUposed by the current. The glass, however, need not 
be molten to produce tbis effect If a test tube of glaas be 
fiiled vitb mercury and dipped in another vessel containing 
mercury, and if the mercury within and without tbe tube be 
connected wîth a battery encloaing also a galvanometer, no 
current will pass as long as the glass is cold ; but if the 
mercury be gradually heated at a température even below 
100' C, a current begins to pass through tbe glasa. If after 
the current bas paased a short time the battery be tbrown 
eut of circuit, leaving the galvanometer still in the circuit, a 
current due to the polarization of the glass wil! pass in an 
opposite direction to the battery current. Thus proving that 
glaas even while in a sohd state is decomposed by the 
carrent. 

155. In the simple circuit ail the zincodes are joined to 
one terminal and ail the platinodes to another, the circuit 
beiag completed by joiniug thèse terminais. The arrange- 
ment with thèse cells will be as follows : 

Fig. E2. 
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ail the zincodes being connected with a terminal J), and 
ail the platinodes wïth a terminal E. 
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Id thÎB c&se ail the zîncodes are at tbe same potentia], 
and ail the platinodee at the same potentîaL The cod- 
sequence is that the différence of potential between J) and E 
will be only that due to a eingle cell, or vill be eimply 
Z\S+S\P + P\Z. 

This arTaDgement is in fact electrically ideatical wïth a 
single cell containing plates of three times the area, whii^ 
of course in no way a^ects the electromotive force. 
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X56. We hâve explaîned above ia connection with Fara- 
day's Theory of Induction, the state of a médium acted on by 
electrical forces (Art. 75). We then e&tablisbed 

(i) That in each molécule there waa a séparation of 
electticity along the Une of force through the molécule, the 
quantîty separated across any equipotential surface being 

measured by ± t— per unit of area, where F is the résultant 

force at the point, 

(ii) That this electrical séparation produces ot is pro- 
duced by a strùn in the médium along the lioes of force, 
from Trhich atraîned state the médium tends to retum to 
a neutral state by a discbarge from molécule to molécule 
through the médium. 

(iii) That this dischaige constttutea conduction resultïng 
in a transfer of the positive electricity separated to the 
place of lower, and of the négative electricity separated to 
the place of higher potential, the lines of flow being the liues 
of force, and the quantity of electricity neutralized along a 

tube of force being ± y— F<t. 

The chief difiFerence between the case there consîdered 
and our présent problem is that hère we hâve two parts of 
the conductor kept at constant potentials, so that as soon 
aa one dischai^e bas takeu place, the strained state retums 



again owïng to a new séparation of electricities, and we get , 
Eo rapid a séries of diacharges, tbat it cannot be distinguîsbed 
from a cohUduous cuirent. 

157. We may stUl assume that tbe straîn at any point 

io the conductor ia measured by -r— F, when F is tbe re- 

■' 47r ' 
Eultant force at tbe point, and since good or bad conduction 
consista only in easy or diffîcult transmission of electiicîty, 
tbe rate of flow at any point in a given body is propor- 
tional to tbe force at that point. But experiment shows 
us that différent bodies transmit the current in very dif- 
férent degrees, and consequently in différent bodies tbe rate 
at vhicb the séries of charges and discharges succeed eacb 
ôther will be différent. We sball assume therefore tbat tbe 
rate of flow at any point is measured by the product c . F, 
where c dépends on the body, and F measures the force of 
electrical séparation at tbe point The quaatity c dépends 
on the substance and condition of the body, changing wben 
its température or molecular condition varies. 

New to measure the rate of flow of a stream of water 
we should take a unit of area perpendicular to the etream- 
lines, and compute tbe quantity tr^ismitted through it in a 
certain time. The same method is applied in electricity, and 
we will suppose c so chosen, that cF measures the quantity 
transmitted per second acrosa a unit of area of an equi- 
potential surface over which the average force is F. If then 
a small tube of force be taken whose area is <t, the quantity 
transmitted per second across any section of the tube will be 
cF<T, and since Fit is constant througbout tbe tube, the 
quantity transmitted per second, at whatever point in the 
tube it be measured, will be the same. 

Tbe quantity c dépends entirely on the substance of the 
conductor, and is called its ' spécifie conductivity.' 

Def, Specific conductivity of a substance may be 
measured by the quantity of electricity transmitted per second 
across a unit of area of an equîpotential surface, at whick the 
etectric force lias unit value. 

158. Again, if the conductor be bounded by a tube of 
force, tbe quantity transmitted along it per second will be 



meââured by XcFa-, and tliis quantîty is called the ' stréDgth 
aï the current' in the tube. 

Def. Strength of curkent in any tuhe o/ force is 
measured by the quanttty of electricity transmitted per second 
aiojtff the twbe of force. 

The prÎDCîplâ showD above, tbat the strength of thè 
cuirent in ail parts of a tube of force is the same, ia often 
expressed by the phrase ' homogeneity of the circuit' ^înce 
however this strength dépends on c the current wiU not be 
boiQ<^eiieous uniess the substance and température of the 
conductor are the same throughoût. 

1.59. Since there is a transfer of the opposite electrîcîties 
in opposite directions along the tube, it is impossible to speak 
strictly of the direction of the current, but as most of the 
phenomena dépend on the directions assumed by the op- 
posite currents, it is convenient to define the direction of flow 
of positive electricity as the direction of the current. 

160. Prop. Z. To flnd the atrensth of cnrrent in a condnctor 
on which tvo surfaces bounded by closed cnms are kept at con- 
rtut potentials. 

First, let the conductor be a oylînder whose two enda are 
at potentials V, and V^ 

Fig. 53, 



Let the end A (Fig. 53) be at F, the higher potential, 
and the end B at V^ : also let l be the length, s the section, 
and c the spécifie conductivity of the cylinder. 

Let / dénote the quantity transmitted per second across 
any section PQ, or the strength of the current. When 
the différence of potential is first established, some of the 
lines of force will eut the surface of the cylinder, and a flow 
of electricity will take place along them, producing a super- 
ficial distribution, wbich combîned with the constant electri- 
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ficatioD of tbe ends, vill make the lïnea of force parallel to 
the length of the cylinder. The tubes of force will then be 
cyUBdrical, the rate o[ chaDga of potential along them 
coDstuit, and the âow of electricity will be steady. The 
rate of change of potential or the electric force along the 
cjrliader will be equal to 

K-r. 
/ 

Hence the quantity transmîtted per second across any élé- 
ment of the section of the tube whose area is cr will be 

V —V 
cFa — c . ' ■ ■ * . a. 

Hence the «hole quautitj transmitted across a complète 
section will be 

The quantity y, which dépends only on the substance 

and dimenaioDs of the cylinder, is called ita conduetÎTÎty, and 
measures the quantity transmitted per second wben the ends 
are at unit différence of potentiaL 

Secondly. If the conductor be of any form. 

Tbe same reasoning may be extended to thîs case, as the 
first instantaneous effect of the flow of electricity is to 
produce a distribution on the surface such that every tube 
of force sball proceed fi-om one to the other of the given 
surfaces, aller which we hâve a ateady flow of electricity 
along the tubes of força 

The amount transmitted througb luiy tube is measured, 
as we hâve shown, by cF<t. 

If the surfaces be A^, A^, and at potentials V^, K,, it 
follows (irom Art. 85) that, neglectîng ail induction except 
between A^ and A^, the quantity of electricity on thèse 
surfaces is ±C{V^ — F,), where G is the capacity of the 
System A^, A^. ot ~ q,^ acoordin^ to the notation of that 
Article. Hence th» whole quantity is proportional ônly to 
tbe différence of potential between the surfeices. Again 
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I (Art. 69) the law of distribution of electricity over Â^ and A^ 
' ifl determinate, and therefore the density at each point ia 
proportional simply to the diâerence of poteotial. And 
the force juat ontside A^ is equal to 4ir times the density, 
and is therefore also proportional to ( 7, — F,) ; and therefore 
the value of Fir through any tube of force passing from A^ 
to A, is proportional to F, — F,. Let now F,<r be the value 
oSFtT when the différence of potential between A^ and A^ ia 
unity, and we shall bave generally for every such tube of 
force 

f<r = i;<r(F,-FO. 

Hence the quantity of electricity transmitted by that tube 
of force per second 

= eF^<r(r^-V,). 

Takiog ail such tul>es of force and adding together the 
corresponding current streugths we shall hâve the whole 
current strength between j1, and A^ or 

= cSf.<r.(F.-F,). 
The coefficient cS.F^tr dépends only on the geometry and 
substance of the conauctor and will be deâned as its conduc- 

tiïity, 

Def. CoNDtrCTiviTY OF A coNDUCTOR îs the quantUy of 
tkctricity ivhich fiows per second between two given surfaces 
«i it wkick are kept at unit différence of potential. 

The numerical value of the conductivity is c^F^a-, where 
F, is the force over the area a on an equipotential surface, 
and c the spécifie conductivity. When the couductor is 

cylindrical, it is represented by -?, where s is the area of 

Bection, and l the length. 

161. In practice we always use the résistance instead of 
lie conductivity. 

Dep. Besistance of a given conductor is numerically 
e^uoi to the reciprocal ofits conductivity. 
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For any conductor its value ia giren by 
1 

and for a cyliodrical conductor by 

1 length 

c area of section ' 
vhere c is the spécifie conductivity. 

The quantîty - is often termed the spécifie résistance 
of the conductor. 

162. The preceding proposition can be qow put in tbis 
form: if two 'p&rta of a conductor be kept at potentjals T'^and 
V^, and if R be the résistance of the conductor, and / the 
strengtb of the current, 

IR=V,-V,. 

To represent tbis formula graphically in case of a cylin- 

drical conductor let the abscissa AB represent the résistance 

of the conductor, and at A, B set up ordinates AC and BD 

representing the potentials at those two pointe, and join CD. 

Fig. 54. 




At a point P m AB, draw an ordinate PQ. Then since 
IR= V^~ F, for any portion of the circuit, it is clear that 
if F be the potentiaï at P, 

_AC-V_ AC-BD 
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lence V= PQ, the ordinale tirawo to CD, or CD shows the 
Vff of fall of potential from A io B referred to résistance. 

But wbeo the eonductor 13 cylindrical, the résistance is 
^portional to the length, and to each point on AB corre- 
iponds a point on the eonductor dividing its length in the 
lame ratio. 

The same figure shows that we may grapbically represent 

the current strength, — -j- - , as the cotangent of the 

j angle ACD, or as the tangent of the élévation of the Une of 
I potential. 

163. Prop. II. In any Toltaic clrcnlt if E be tbe wliole 
electromotive force and B, r the retdst&ncfls of the conducting 
vire and fiold in the cdl respectlvely, tiien the strengtb of 



curent is siven by 1= 



Ohm'B Law. 



E+r* 

Let Z, P, K be the zincode, platinode, and junction of 
the two metals respectîvely, tbe abscissaï representing, as 
in the last Article, the résistances of the parts of tbe circuit 
soltd and liquid. Owing to the changes in potential at the 
différent contacts, the hne of potential will be a broken line. 
The law of change we do not at présent know, except at 
Fig. 66. 



,1 
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the junctions, the potential at Z^ heing the same as at Z, 
the différence of potential at Z being denoted by Z | S, 
where S dénotes the fliiid, that at P by jS 1 P, and that at 
KhjP\Z. 

Since the eonductor tbroughout ia not homogeneous, the 
circuit will not at first be homogeneous, but tliere will be 
a storing up of electricity at the différent junctions, Thia 
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storing up TÏIl brÏDg the junctîons to aucb poteotials that the 
current strength between them is aniform. Tbe cuireut tbea 
becomes steady. 

liBt I represent its strengtb, and let F, be tbe potential 
in the âuid next the platÏDode, aod V, the potentiîit in the 
platinode wire at its junction with the zincode 

r_ X\ S- K _ ^.-^1 S- F, V^ + P\ 2 
^~ ZF ~ PK " KZ^ 

Jg I S - F. + r . -f I g-F. + F , + P | g 

ZP+ PK+ EZ^ 
Z\ B-^S\ P+P| G 
ZP-^ PZ^ 
But the nnmerator represents tbe electromotîve fbrce E, 
and tbe deDomioator the sum of tbe internai and extental 
résistances. Hence we bave 



wbicb is known as Obm's law, 

Tbe formula also shows that tbe line of potential îs ia a 
constant direction, and its direction may be found by setting 
off as abscissa the whole résistance ia circuit as ZZ and as 
ordinate the whole electromotive force as ZG. The line 
GZ^ gives us the law of fall of potential in the circuit, omit- 
tingof course the discontinuities at the various junctions. 

The same l'easoning can clearly be applied to any System 
whatever of conductors arranged in ILnear séries, and with 
any number of electromotive forces among them. We shall 
bave in ail cases if ii be oue of the résistances, E one of the 
electromotive forces, and / the current strength, 

■^ 2-fi- 
Although the reasoning by wbicb we bave arrived at 
Obm's law dépends on molecular actions, which are assumed, 
but cannot be put to expérimental test, tbe law itself bas 
been subjected to tbe most rigorous ezperiment, and may be 
classed in point of certainty with the best ascertained pbysical 
laws. 



E 

, there are thrce quaii- 

tities which require to be measured, and it will be convenient 
liere to remind the student of the units in whicli we bave 
assamed tbem measured. 

(i) ElectromoUve force is différence of potential, and 
ita unit is the unit diflTererice of potential, as defined in 
Chap. III. 

(ii) Ourrent strength is the quantitj of electricity trans- 
mitted per second along a oonductor, and ita unit will be the 
strength of a current sending a unit of quantity per second. 

(iii) Résistance is a new idea, and must be measured in 
accOTdance with the above jbrmuia by the résistance of a 
conductor, which allows a unit of electricity to flow per 
second through it, the two ends being kept at a unit différ- 
ence of potential 

Thèse are tbe units wbich we hâve used in theory, but 
they would be very inconvénient in practice. The prac- 
tiod unitâ dépend on electromagnetic pheaomena, and we 
must defer their précise définition till we come to that part 
of our subject. We will merely state now tbat 

(i) Elecbromotive force is meaauied by the voU, which is 
about eqnal to that of a Daniell's ceU. 

(ii) Résistance is measured by the ohm, which is a cer- 
tain coil of wire offering a definite résistance. 

(iii) Current strengUi is measured by the ampère; the 
ampère being the current in a circuit in which the electro- 
niotive force is one volt, and the total résistance one ohm. 
The quantity of electricity tranamitted per second in a ouï- 
rent of one ampère is called a covlomb, 

We shall assume in future, unless ahsolvie units are 
referred to, that quantitiea are measured in thèse terms. 
For measuring them we require in practice a galvanometer, 
a set of résistance coils, and a cell whose electromotive force 
is known. 

165. Frop. m. To find tbe current atrength whsn n cells each 
of résistance r and electromotive force E are arrangea lu simple 
drcDit (eee Art. 15E). 
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Vfe hâve aîresày shown that io tbis case the electromo- 
tivQ force is unaltered, the arrangement being équivalent to 
a single cell in which the plates are n times as large, and 
since the redstaoce of a cjlindtical conductor varies in- 
versely as area of section, if r he the internai résistance of a 

single cell that of the hattery ia only -. Ohm's formula 

therefore hecomes 

, E _ nE 

r+B '•+"^' 

n 

Cor. When the internai reâstance is small compared 

to the eztemal, this formula is équivalent to / = ^ , and the 

current atrength is not increased by increaaing the number 
of cells. If, nowever, R be small compared to r, or tbe 
exteraal résistance be very small, the formula is équivalent to 



the number of cells, 

166. Frop. TV. To flnd ths cnirent strengUi when n cells aie 
arrangea in ccanponnd drcnit. (Art. 153.) 

Hère we hâve shown that the whole electromotive force 
is nE. I^ch cell, however, introduces a fresh résistance, and 
the whole résistance in the battery becomes nr, 

Hence Ohm's formula gives 

j^ nE 
nr+W 
Cor If r be small compared to R, or when the internai 
résistance is small, /=-u' . ir the current strength is increased 

w-fold. But if nr be large compared to R, the formula re- 

nE E 
ducea to — — = — , or the current îa not increased by in- 

ling the nutaber of cells. „ . 

DoiiîHihvCiooUlc 
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167. Remembering the conatruction for the line of 
potential, we can illustmte graphically the two last propo- 




Let AA^ be the internai résistance, and j4,(7, the electro- 
motive force of a single ceil. If there be n celis simple cir- 

ciiited, the internai résistance is Aa='-AA,,a,udac = A,G„ 
n ' ' ' 

Then if the external résistance be small compared to 
AA^ (as ABj) the current strength is increased m ratio 
tan ABjC to tan ABfi^. 

But if the external résistance be several multiples of 
AA^ as AB, the încrease is only in the ratio tan ABo to 
tan ABO^, nearly an eqnality, or the simple circuit gives 
Bcarccly more than a single cell. 

168, In the case of a compound circuit, the résistances of 
the successive cells are represented by Aa^, a^a^, a,«j-.-a„.,<7„, 
Fig. 67. 




and the electromotîve force is a^G ^n.ac^ or n tîmes the 
eleetromotive force of a single cell. If AB be/tiie esterual 
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reaistance, tlie Une <^ poteDtial will outaide the hattery be 
given by Bc,, For the law of change in the battery we 
clearlj hâve a broken Une discoatiuuous at each juaction, 
but if we assume the whole rise in each cell to take place at 
the zinc plate, assuming the last ziuc ia connection with B, 

the lioe will be représenter! by the broken Une dfi^ d,. 

If oc, represent the electromotive force of a eingie cell, 
the increase in strength of curreat wiU be io the ratio tao 
ABc^ to tan ABc^. This is large when AB is considérable. 

If AB be Tery small bo that A and f coïncide, the Une 
of potential will be as in the foUcwing figure, in which, 
Fig. sa 




from the construction of the figure, it is clear that the Mi 
m each cell of tbe hattery is equal to the rise at each zinc 
plate. There is in this case oo gain from using a compound 
circuit, 

169. Tbe coroUaries to the two last propositions show 
that when the exteroal résistance is very large there ia no 
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adrante^e obtained by arranging the cells ia simple circuit, 
and wben verj small tbere is uo advaatage ia arraQging 
them in compound circuit. Wben tbe résistance is moderate 
we obtain a greater current than by either arrangement, by 
a combination of tbe two, which may be called mixed circuit, 
and is illustrated in tbe six cells of Fig. 59, in which tbe 
vertical rowa are simple circuited, and tbe horizontal rows 
compound circuited; tbe arrangement beîng the same as tbat 
of tbree celts arranged in compound circuit, eacb ccll haviug 
plates twice as large as those of the given cell. 

170. Frop. V. To And tbe cntrent-Btrengtli due to pq cells 
arrangea in q horizontal rows of p cells, the «ells in each low 
beins in ceapoond ctrcnlt and the BnccaBsive rows in simple 



Hère the electromotive force ia clearly pE, and the 
résistance in tbe battery j) x - , since the arrangement is the 

same as tbat of p cells whose plates are q times as lai^ as 
the plates of each cell. 

Hence Obm's formula gives for the current strength 

^^Pr + It' 
2 
171. Frop. VL To flnd the best arrangement of n cells 
when the extemal résistance is given. 

Lot them be arranged in g rows of ^ cells each. 
Then we bave n=i>q, 

and /=^^. 

1 
We want to fiud values of p and j which raake / the 
current strength a maximum. 

We bave / = — *^ = ■ r , . 

C. B. 12 
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V?^(v/fVf)'- 



The right-hand Bide îs a minimura wben tfae square i 
CODtaÏDs vaniBbes. 

Heoce, iîSh« not too great, we make 

y n y p' n 2 

or the external résistance must be made equal to the interual 
résistance. 

The greateat value of ^ ia clearly when p = n and 2 = 1; 

then R = nr. If R has tnia or auy greater value, the com- 
pound circuit îs the best. lîR is less than this we must choose 
p and 2 so as to satisfy as nearly as possible the condition of 
makiug the extemal and internai résistances equal. 

172. The proposition of the preceding Article may aiso 
be treated grapnically. 

If there be n cells of electromotive force E and résistance 
Jî, arranged in q rows of p cells, we hâve for e the electro- 
motive force and p the internai résistance of the battery, the 
équations 

e=pE, 

pR 

"!■ 

_ p'B B(,y 
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an équation vlûch shows that if p be an abscissa and e 
the corresponding ordinate, tbe locus of its extremity is a 

paiabola irbose latus rectum is —vj- , Heuce in ail arrange- 

ments of tbe battery tbe relatioD between its interoal résist- 
ance and electromotive force is represented graphically by 
the abscissa and ordinate of a parabola. 

The only part of the curve practîcally available will be 
that between tbe abscissa — , wben tbe cells are simple cir- 
coited, and nR -when tbey are compound circuited. 

Tracing the curve we shalL bave the portion between 
S and C, for instance, available. 
Kg. 6». 




If the external résistance be set off to the right of A along 
the axis, equal suppose to AF, the atrength of the ouïrent 
when simple circuited is tan AFB, and wben compound cir- 
cuited tan^i^C (Art. 162). 

The greatest possible strength of current will be tbat 
corresponding to a tancent drawn from F to tbe parabola, 
suppose FP; then AÈ is the internai résistance, PR the 
electromotive force, and tbe current strength is given by 
taaRFP. 

By a well-known property of the parabola we bave 
AR = AF, or the external and internai résistances are equal. 

173. Prop. Vn. To Investigate the starengtb at the cturent 
and the whole résistance In aiiy dlvlded circuit. 

Suppose the potentials at two points A, 5 to be F and 
V'. Let the résistances in the various branches ACB, ADB, 
AEB,&c. be R^, R^, iî,...and the current strengths /„ /„ 7,... 

12—2 
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Then îd the respective branches by Pmp. I. 



Hence F-F-i-i-iî. 

A K s; 

/,+ /.+ /.+ 

111 
R.li,*M* 

But tbe whole currcnt passiog is clearly the 3«m of that 
passing in each brancb. 

Hence / = /^+/^ + /^+ 

T . 1 1111 
Letalso jî-g^ + s+R- + 

Hence F-^'s-i-ZS. 

Tï 
But by Art. 162, when 

R is by définition the résistance of the conductor. 

Hence for the résistance of any divided circuit we hâve, 
if R be the whole résistance and li^, B^... the braocb re- 
sistauces, 

1_ 1 1 1 

a 5. 7^, iî,"^ 

and the "current in each branch is inversely proportîonal to 
ita résistance. 
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174. prop. VUL To InvestlKate the enirent lu eacli brandi of 
iny uet^'work of lineai condnctors. (Eirchboff^ Laws.) 

Any net-work may be resolved into a systetn of linear 
conductors, and a systeita of juuctioQs at wbich three or more 
lioear conductors meet. 

We must begin by giving arbitrary values to tbe poten- 
tial of each junction, except two, at wbich we must suppose 
tbe potentials given by connection with a battery or other- 
wise. 

For each linear conductor at wbose extremities the poten- 
tials are 'K and 1^, whose résistance is B,, and in which the 
current is /,, we bave 

n~v;,=/A (A), 

and simiJarly for each linear portion. 

For each ^unction we know that the same amount of 
electricity which flowa to it must flow from it. Hence if 
A> ■'s' -^s-" ^ ^^^ current strength flowïng ail to or ail front 
a given junction, we bave the algebraical équation 

/, + /,+/,+ =0, 

ur £J" = (S). 

The Systems of équations {A), (S) always give us enough 
simple simultaneous équations to litid the current in each 
brancii and the potential at each junction. 

175. Tbe équations (A) qin usually be simplified by 
re<'arding tbe net-work as a set of cloaed circuits. 
Fig. 62. 
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In an; dosed drcmit ABC, where there is n« inapreseed 
electromotive (bree, we bave 

F,- r, =/,«.. 

r.- F. =/;«,. 

Heoce /,fl. + /^ + A^i = 0, 

or 2/JÎ = 0. 

If there be io aoy branch an impressed electromotive 
force E, we bave aimilarly 

tlR-=E. (C). 

The sets of équations (_S), (C) wïll, be geaerally sufficient 
to détermine tfae current in each branch. 

17S. Frop. IZ. To inTOstlcate tbe cnrtent-strensih in s 
syftom coarirtlnt of six eonducton Jirininc four points (a ana- 
drllatOTal and iti diagonala), four of th« teanches havins la 
them «lectromotiTe fbrcM. 

Let ÂBCD represent such a system. Let the current- 

strei^bs in the braoehes be /,, /, 7,, the electromotive 

forces^, i^^, and the total résistances ii, -K,. as in 

figure. 

Fig. 63. 




The équations for currcnt-streDgths are — 
îromABDC; E, + E^= I,R^ + I^R^- I^R^- r,R^...(ï) 1 

tTomABD; £, - A', = /,B, - /.fî^ + /^ft^ (n)\{C)\ 

from ADOE; -E, = /.iî. + I,R, + I^R^ (iii)) 
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UA; = /,-/.-/, (iv)l 

at£; = /.-/,-/, (v)[(5). 

at (7; = 7.-7,-/, (vi)j 

The sin équations (B), (C) are independent and sufficient 
to détermine the ciirrent-Btreogth in each of the six branches. 

An important case arises when the current in one branch 
is indépendant of the electromotive force and résistance in 
aaot-her branch, ïd which case thèse two branches are aaid 
to be conjugale to each othcr. 

177. Fiop. Z. To show that In tho system of six conduetors 
Jalniag four p^ts the tUacwuJs are oonjogats to «ach oth«r if 
the prodncte of the rssistances la the oppoôlte Bides be eqniU. 

We must proceed to solve the six équations of the last 
proposition to ând /,. We shall adopt the method of in- 
determinate multipliers, multiplying the équations (ii) — (vi) 
by Xj, X,...X, reapectively. If we add tlie resulting équa- 
tions together and equate separately to zéro the coefficients 
of /,, /,, 7^, 7j, /g, we shall hâve flve équations to détermine 
\..,\^, and the remaining équation for 7^ — 

I^{\R^-'i^^ = E^ + E, + \{E^-E^) + X^E, (vii). 

/, will by this équation be independent of £, if X, « 0. 

Writing down the five équations for X's, with the extra 
condition X,= 0, we hâve 

\ + \-- 
R, + \-\ = 
R^-\R,-\-\ = 0)- (viii). 

-■B.-\ = 
-5, + X,fî,-X,= 

The condition that thèse équations can be satisfîed simul- 
taneously is found by eliminaiing \, >,, X,, Xj from them. 
The resuit is easily seen to be 

■^A--K,ffg = (ix). 

If (ix) is satiafied, (viii) can be satisSed, and (vii) will 
then be satisfied with the extra condition X, = 0, In this 



case T, is independeat of £,, aod siace fî, enters noue of 
équations (viî), (viîi), I, muât be alao iadepeadent of R^. 

Cor, 1. Oonvereely the current in AC will, if (ix) be 
patinfied, be indepeadent of tbe electromotive force aod re- 
Kistaoce in BD. 

CoB, 2. If /, = 0, which will happen if (ix) be satîafied 
and £, be the only electromotive force, it is clear tbat if, 
entera none of the équations (B), (C), and tbe currents in ail 
tbe branches will be unaltered by making or breaking con- 
tact in BD. 

178. Prop. XL To flnd the fclma of discharge of a given 
electarUed BrBt«n. 

Let tbe two surfaces A, B he a.t potentials T^ and T',, 
and let it be the résistance of the médium interposed be- 
tween them, ail measured in absolute units. Let also be 
the electrostatic capacity of the system; then the quantities 
of electricity + C{V — VJ tend to neutralize each other by 
conduction through the médium. 

Let U3 assume that v is the différence of potential, and 
+ tf tbe quantities of electricity after a time (, and that v 
and + g' represent the same things after ^ + t, where t is 
a very short interval. 

By Ohm's law J=-n, where /' is quautity of flow per 

second. 

Hence tbe quantity which flows through in time t 



Hence ? ~ ?' = û ■ 

But g-q'==C{v-vy, 

.-. CR(v—i/) = vT. 
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By Art. 37, when — — ïs very small, as wiU be tlie case 
hère, we may put 

V °\ V J 

= - log - ; 

.\r = +CR\og-. 

= CR ilogv- log vy 

The same proposition wîll hold for any number of very 
short intervals; vm shall bave, if v be the differeoce of poten- 
tial after a time t from cbai^ng, 

<-cji|iog(r,-v,)-iog,ii 

■■■l!B-'°S— . ! 

•■■«-(f.-n)»"''. 

whlch gives the potential at any time t. 

If -we observe in wbat time îï= -(F, — V,), or the dîffer- 

ence of potential falla to one n"* of its first value, 

- = e"cs or ( = CR loir n. 
n ° 

179. Prop. Xn. If K be the spécifie Indnctlve capacity, and 
p tiie spedâc nsistuice of a Bnbstance, and if be the electro- 
statlc capadty of anr condenser made of that substance, and 
R Itfl résistance to the passage of electricity ; to prove that 

CB=^. pK in abaolnte meaante. 

It is assumed tbat Unes of force proceed exchisîvely from 
one surface to the other of the body under considération. 

To iiod the electrostatic capacity, we notice that along 
any tube of force F<r is constant, and at either bouading 
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fliir&ce Fa = iirpv = inrq, Hence tbe wbole chaige Q on 
either surface ia given by 

4irg = XF<T, 
and if F^ be computed on tlie assumptioD that the opposite 
surfaces differ in potentîal by one unit (Art 160), 
y=CwlienF=i;; 

if tbe dielectric be air. In tbe supposed case where tbe 
dielectric bas spécifie inductive capacity K, 

But it faa3 already been sbown (Art. 156) 
„ 1 L 

where - = c, the spécifie eonductivity ; 

or RC=]~pK. 
Cor. We hâve shown in the laet Article that if f be tlte 
time of felling to (-) of chaîne, 

log.n 
Hence we bave ' 

4ir "^ iog, n 

180. Fnp. XnL To calculate the amonnt <^ Heat dersloped 
in uaj portion <^ a galvanic circuit. 

Let the potentials in absolute measure at tbe extremitiea 
of the circuit be V and F,, R the résistance of the inter- 
posed circuit, and / the strength of the cuirenL , Bv deË- 
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nition -of carrent-strengtli / tinîte of electricity pass from 
poteotial V^ to potential V^ per second, a.nà vhen no externat 
work îs doae, thïs amount of energy must be converted into 
beat in tlie circuit. 

Hence the mechanical équivalent of the heat given out 
per second is /(F, — F,). 

Again, if / represent Joiile's mechanical équivalent of 
heat, or the number of ergs imparted to a gramme of water 
which is warmed from 0° C. to 1° C, and if £ be the number 
of units of heat given out per second, then JH will aiso 
represent the meehanieal équivalent of the heat given ont 
per second, and we hâve 

J/f = /(F,-F^. 

But V^-V, = IR. 

Hence JH= PR = ^^•^- - 

If the conductor be a wire whose spécifie heat ia c, 
w its weight in grammes, and d the élévation of température 
per second, then H = cw6; 

.: Jcw0 = rR = ^^^^^^=HV^-l\). 

a formula gïving the élévation in température owing to the 
passage of the current. 

Cor. 1. It appears from the last formula that the éléva- 
tion in température is independent of the length of the wire, 
provided the streugth of the current be constant, for 8 will 

be proportîonal to — , which is a constant, since both nume- 
rator and denominator are proportîonal tu the length. 

CoB. 2. If the section of the wire vary, the current re- 
maining of the same strength, it is clear that R varies in- 
versely as the area of section, and w varies directly as the 

area of section. Hence the quotient — will vary inversely 

as the square of the section, or if the section be similar 
throughout, inversely as the fourth power of the diameter. 
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UL Prop. ZIT. To show tlwt in anr Uvided drcnlt In Ttaicli 
th«r« it a diatribntloii of the cuirent-strenvth in eadi branch 
InveiBalr ai ifai Tesistance, there will be less lieat glven ont 
than If tbe same total cairesta vers distribated in any other 
wa7. Prlncipls of Leart Heat. 

First, let the circuit contain onlr two branches. Then 
if T., R, aod /,, B^ be correeponding quantities for the 
two branches, and / the whole cuirent, 

/=/. + /,. 
and JH=I,'ll, + J*B^; 

.: JH (S. + R^ = I^R; + I^R; + (/,' + /,*) R,R^ 
= {I,R, - /,fl/ + (/, + /,)' i?,S, 
= (/,B, - /,B,)* + PR^B^. 
The right-hand side will hâve the least possible value when 
the fîrst term vanishes, or when 

i.e. the current in each branch is inversely as the résistance. 

Hence aiso H or the heat given out will hâve its least 
possible value. 

Secondly, in any divided circuit we see that for any two 
of the branches this relation must hold, or we could re- 
distribute the current in thèse two so as to evolve less heat 
without disturhing the current in the other branches. Hence 
we infer, however many branches there be, there will be least 
heat evolved when the current in each varies inversely as the 
Tesistance, or when the currents are distributed according to 
Ohm's law. 
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CHAPTER VII. 

PROBLEMS IN VOLTAIC ELECTRICITY. 

182, In the foUowing problems we sliall endeavour to 
illustrate the propositions of the preceding Cliapter by laying 
before the student a number of résulta mostly of the bighest 
importance to tbe practical electrician. 

The chief instruments we shall assume used will be a 
galvanometer, a box of résistance coils, and a quadrant or 
other for m of electrometer capable of giving absolute 
raeasure. The theory of the galvanometer we do not enter 
into hère as it belongs to Magnetisin. We shall assume how- 
ever that the form used is that known as the tangent gal- 
vaoometer (uniesa the contrary be atated), in wnich the 
strength of the cuiTent is proportional to the tangent of the 
(ieflection. 

It is not generally neeesaary to détermine a current in 
absolute measure, our problems nearly always depending en 
the comparisoQ of two currents with the saine galvanometer. 

183. Frop. I, To Inveatigato tha eloctrlcal conditionB of 
Wheatstone'B Bridge. 

Wheatstone's Bridge is only a particiilar case of the Sys- 
tem of conductorâ investigated in Arts, 176, 177- 

This instrument consista essentially of a double divided 
circuit, two points in the divided branches beingjoined by a 
conducting wire. Thèse divided circuits are ABU a,ndADC, 
and BD is the joining wire. In the portions AB, BC, CD, DA, 
are introduced résistances, whicb we shall call p, g, a, r, and in 
BD is a galvanometer whose résistance we call ff. The cur- 
rent from a galvanic cell enters at A and leavea at C The 
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ceU is E, and we shall dénote its electromotive force by E 
and lesistaDce by R. 

Fig. M. 




Tbe cuiTeot-streng^ths ÎQ tbe various braocbea we donote 
by /,, f^, /j, /j, J^, I^, as sfaown in fignre. 



Then in circuit EdBCE we bave 

iuABB, 0=pl, + gl^-rl^. 

mBCD, = g/, - el^ -gly. 

MA, i-i,+T, ....:. 

atC, I-I, + t, 

B.tB, I,-I, + I,....: 



■-(ii): 
..<iii), 
..(iv) 
,..(v) 
..(vi). 



Thèse six équations wîll be fouad independent, and, can 
be easily solved, giving the strength of the carrent in each of 
tbe six branches. 

By(vi), /,-/.-/.. 

By (v) and (iv),/,-7-J, = /-/, + /,.- /, + /,. 

Snbstitute in (iii), 

= 3 (/.-/J -.(/. + 7J-fir7„ 

or qT^-sI^-[q+8+g)I^ = Q, 

By(ii), i'^i-r7,+57, = o. 
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aiso 
and 



rXq + s + ff) + sff p(q + 8+g) + qg qr-pi 

- ' ■■-■ , =s - , - ■ ■ —'- ,— - by (VI), 






by (V), 



(r+_p)(3+«j+3(p + g' + r + s) (r-\-p + 3){q + 8+g)-g'' 

Thèse équations with (i) give the currents in the branchée. 

The one of practical use is 7^, the current in the galvano- 

meter brauch, and in the gênerai use of the instrument this 

is made to vanish. The condition for this îs clearly that ils 

denonainator shall vanish, or that 

gr —ps = 0, 
or p : q .: r : 8, 

a relation on ^rhich the use of the bridge dépends. 

184. In practice one résistance is generally known, that 
in AB suppose, while that in BG ia required to be deter- 
mined. ADC generally consista of a straight wire at any 
point of which by a key the branch BD is completed. By 
moving the key we find the point D for which the current 
vanishes, and reading off the relation of the lengths AD : DC, 
we hâve AD : DG :: p : q, 

whence q becomes known. 

1 85. We might at once see by the graphical method that 
i£ this relation hold, there is no current in the galvanometsr. 

Fig. es. 
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aod 


BE, 


Hence 




if 


C^B 


or 


as 
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Let the résistances ABC aod ADC be represented hj 
ABC\, ADC^. 

Let the différences of potential between the extremities 
of the condiictor be represented by AP^ perpendicular %a 
AC ,axiA JP, equal to it perpendicular to AC . The line 
P,C, represents the fall of potential along AG^, and P^C, 
aloDg AC^. 

By similar triangles 

BE^ : AP, :: C,B : C,A. 
: AP^ :: 0.0 : C,A. 

: 0,A :: CJ) : C^A. 

: BA :: C,D : J)A, 
or 'C^B.DA=BA.CJ), 

the relation already found. If B and i) be now joined there 
will be no current in BD, since the extremities are at the 
same potential. 

Cor. It follows that the cuirents in the other branches 
ivill reRiain unaltered wbether the brauch BD be open or 
closed. 

186. Fn^ IL To flnd the résistance of a galvanometer coiL 

Thîs résistance can be measured by Wheatatone's Bridge 
just as that of any other conductor. After the magnet bas 
been mounted in its place, the following method, due to 
Sir W. Thomson, is found to lead to more accurate results. 

Place the galvanometer in the branch BC(F\g. 64), and in 
BD place a contact-breaker instead of a galvanometer. It 
appears by the corollary to the last Proposition that if the 
relation ps = rq be satisfied, the galvanumeter deâection will 
reraain the same wbether contact in BD be made or broken. 

We bave therefore only to adjust the other résistances 
until the galvanometer reading does not alter on making or 
breaking contact in BD, and then the résistance of the gal- 
vanometer is given by 

*" i-.<i",G(Hinlc 
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ist Method. Tf we make circuit io the battery by pièces 
of stout wire Connecting its pôles with the galvanometer, the 
only external résistance will be that of the galvanometer, g, 
Théo if S, be the observed deflection, and x the uokDown 
iateraal résistance, 

c tan 0, = ■ , 

where c dépends on the galvanometer. 

Introduce now between one pôle and the galvanometer a 
measured résistance r. If S. be the new deflection 



c tan B =- 



x + r + g 

dividbg *^. = ^ + r±f, 

^ tan S^ ic-i- g ' 

a simple équation for x. 

Thia method is open to many objections, as the observa- 
tions are taken with two différent current-atrengths. From 
thèse objections Mance's method seems free. 

188. 2nd Method (Mance's). In this method is employed 
a modification of Wheatston'e's Bridge, similar to that used 
Fig. 66. 




by Sir William Thomson for measuriiig the galvanometer 
résistance. The cell whose résistance is to be measured is 
Jilaced in BC, the galvanometer in A G, and a contact-breaker 
in BD. The arrangement will then be as in the figure. 
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Now if the resistauce in tbe branches sati^fy the coadition 
ps = qr, the braaches BD and AG are conjugate, and con- 
sequently making or breaking contact in BD will produco 
Lo effect on the galvanometer in AC. If thetefore one ré- 
sistance be adjustable, we adjuat ît UEtil tbe galvanometer is 
uninfluenced by ntaking and breaking, and we bave then 
ior q, the unknown résistance, 



189. Frop. IT. To compara tli« «lectromotive force of tvro 
mUs. 

1^ Metkod, Take one cell and introduce résistance tîll 
the galvanometer stands at a certain deflection S^. Let r, be 
tbe résistance introduced ; g, R those of the galvanometer 
and cell ; then 

c tan 6, = ' ■— „. 

Add résistance r^, so that tbe deflection cornes down to S,, 



.■- - {cot 8, — cot S,) = -tV ■ 

Next, by introducing résistance into the circuit of the 
other cell bring its deflection to S,. Add résistance (suppose 
r,') till its deflection is S, as before. 

Then i (cot S, - cot 5 J = J- ; 

.-. E^ : E^ :: r/ : ?-,', 

or the electromotive forces are proportional to tbe résistances 
which must be introduced to bring the galvanometer from 
one fixed reading S, to another S^. 
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The objection to this simple method is that the electro- 
motive forcea are eubject to variation from a variety of causes 
when the battety is in action, and the comparison should 
always be made when no current is passing. 

190. 2iid Method. By Clark' s Potentiometer. For thia 
method we require a battery of very constaat electromotive 
force, and a length of fine wire coiled along an ebonite 
cylinder simiiar to Wbeatstone'a rhéostat. 

Let A be the constant battery, BG the cyUnder, and 
E^, E^ the cells to be compared. 

rig. 67. 




Connect the battery A and a variable résistance în the 
circuit ABC, and make a branch circuit BG^Efi containing 
a galvanoraeter 0, and the cell E^ (which ia supposed to 
bave greater electromotive force than E^, so placed that ita 
current in BG is opposite in direction to that of A. Vary 
the résistance in AC till the galvanometer G, is at zéro, 
when the différence of potential between B and G will equal 
E^. Introduce now the second cell E^ having its négative pôle 
at B, with a second galvanometer G,. With the positive 
pôle D make contact at successive places along BG tilL there 
ia no current in G,. We then bave E^ : i.', ;: BD : BG. 
Hence if a divided scale be attached to BG and graduated 
from to 100, we can at once read off the electromotive 
force of E^ in terma of E^ . 

191. Prop. V. To find the position of a " fonlt." 
Iq practical telegraphy faults arise from a large variety 
of causes and under a variety of circumstances, which in- 
fluence considerably the method adopted for their détection 
and the detenâtnation of their position. 

13—2 
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The foUowing include a few of the methoda most corn- 
monly employed. 

Ist Method. For a land-line in which the wire is com- 
pletely broken, the broken eaà not makiog earth, 

lu this case the résistance will be enormously increased, 
the only escape of electricîty being by the insulating sup- 
ports, or through the gutta-percha sheatb which surrounda the 
wire. In this caae it is clear that the résistance is inveraely 
proportional to the leogth of cable tested, and we shall hâve 
the proportion , 
Résistance after fault : Résistance with distant end insulated 

:: length of Une ; distance of fault, 1 

whance the distance of the fault la found. I 

192. 2n.d Method. When the wire is severed and the 
broken end makea complète earth. 

Hère the résistance will be dimînished, since the elec- 
tricity escapes to earth at the fault, instead of at the further 
end. Hence the résistance will be directly proportional to 
the length, and we hâve 

Résistance of whole line with) _ . ,. ,. . ■• 

, . , } : Résistance oi laulty liQf 

end to earth ) "" 

: : length of line : distance of fault, 

whence again the position of tbe fault can be found. 

193. Srd Method. When the wire is not completely 
broken, but makes partial earth. Blavier^s Formula. 

Letiîbe the résistance of the line ^J9 when perfect, S the 

Fig. GB. 




résistance of the faulty line measured from A when B h to 
earth, T the résistance of the fanlty line when B is insulated. 
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Ifi, y, z be the résistances of the portiona AC, CB, and 
ûf the fault at C, we hâve 

Jt^'^+lf (i). 

S = x + -^- (ii), 

T=x + x (iii}, 

three e(iaations for x, y, z. 

By(i), y-E-^. 

aud by (iiî), z = T — x. 

SubstitutÎDg in (ii), 

(R+T)S-2xS={B + T)x-2a^ + RT-{E-i- T)w + x'; 
.: x'-2xS = BT-{R + T)S; 
.: (x-8)' = RT-lIt + T}S+S' 
= iB~ S)(T-8); 
.: x=S-^(_ii-S){T-S). 
vbich is Blavier's formula. 

IS*. Thèse methods ail hâve the imperfection of assuming 
that the reaistance at the fault remaina constant (or vanishes) 
during the measurementa, and of neglecting the leakage 
throogh the inaulatiog sheath or supporta. Thia, owing to 
polarization and a variety of irregularities, ia not found to be 
the case. To get rid of this difBculty, varions methods hâve 
been devised depending on the measurement of potential 
inatead of résistance. The foUowing, due to Dr Siemens, 
Béeras free from objection. 

Uh Method. Siemens' Method for a submarine cable or 
knd-Une. 

Let AB represent the faultless cable înaulated at both 
ends, AG, BE equal but variable reaistances, CD, EF con- 
stant equal résistances. At D the positive pôle of a battery 
is attached, and at E the négative pôle of an equal battery^ 
the opposite pôles being to earth. 
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If DG, FK be the potentiala at D and F, the Uoe of 
fall of potential will eut AB in the middle, or the middle of 
Fig.6». 
C G 




the cable will be at zero-potential. The equcd différences 
I>6~ es aad FK—EL can be measured at the two eads 
by quadrant electrometera (for instaoce). If now a fault 
arise at N, the potential at this point somc time afCer the 
attachment of the batteries will corne to zéro, so that the 
différences DQ-GH and FK-EL will no longer be the 
same as before, or equaL If however we now alter the 
variable résistances increasing AG by GG', apd diminishing 
BE by EE' when GG' » EW, it is clear that by properly 
clioosing thèse résistances we shall get the new line of fait 
of potential parallel to the old one, and passing through JV" 
instead of M. We shall then bave NC = MG; ND' = MD; 
2iE' = ME; NF' = MF, and we shall bave the same différ- 
ences of potential at the two ends as before; in fact 
Q'D' -H'G' = F'K' - EL' = DG~ OH. 
In this case the amount of résistances added at A and 
subtrocted at B gives the distance of the fault from the 
middle of the cable towards A. 

If the fault be at the middle of tbe cable, it ia clear that 
the resuit is not affected by normal leaki^, and if it be not 
at tbe middle, allowanco can easity be made for tbe enta it 
producea, 

195. 5th Method. When the core of a submarine cable 
is hroken, while the sbeath remains unbroken. 

Tbe best means in this case is to measure the electrostatic 
capacity of the broken part of the cable ; then, knowing by 
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previous experîment the capacity per mile, a simple diviaioQ 
gives us tbe distance of the fault 

A lai^e Dumber of otber methods are used in practice, 
but the prindples of tbem ail will be understood trom tbe 
foregoing examples. For descriptions of thèse metbods the 
reader is referrea to Mr Latimer Clark's £tectrical Measure- 



196. In our previous examples we hâve assumed tbe con- 
ductors cylindrical, and the lines of flow everywhere parallel 
to tbeir length. Thèse are the cases wbïcb most frequently 
occur in practice. We shall bowever give now two or three 
examples of calculating tlie résistance in conductors not 
lînear.in form. 

Fmh VL To calcnlatfl the résistance of a eondnctor boimded 
Iv two coazlal cylindrical flnr&cee. Thls wlll apply to tlie lltinld 
in the drcnlar form of DanieU's or Bnnsen's cell. 

Neglecting a portion near the ends, we shall assume the 
tubes of flow everywhere perpendicular to the axis of the 
cylinder. 

Let the figure represent a section of the cylinder, and 



Fig. 70. 



conceive it made up of concentric 
thin cylinders, such as PQ. The 
tubes of flow wiil be everywhere 
perpendicular to thîs cylintlrical 
shell, and we may assume its re- 
sistaoce the same as for a linear 
conductor, whose section is its area, 
and lengtb its tbicknesfi. Hence 
the résistance of tbe elemeiitary 
cylinder 

'^c'Ètr.Ol'.l' 
where c is speci&c conductivity, and l tbe length of the 
cylinder. 

The résistance of tbe whole cylinder will therefore be 
1 vS 




2irci ■ 



'OP' 



,G(Kinle 
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But, as before, 

hence reaiatance of annulas PQ 

-jijïlIogOQ-logOP). 

Summing ail successive differeuces, we hâve for the résist- 
ance of the cylinder 

~^(\ogOB-logOA) 

~ 2Trct 
Where r^ ïs the esternal aud r, the internai radius of tbe 
cylinder. 

This reault is a partîcular example of the theorem of Art. 
179, and might hâve been deduced from the capacity of the 
cylinder investigated in Art. 113. 

197. Fiop, TH. To investigate the résistance of a la^^ aolid 
body of an; fonn harring two electrodea connected with the polse 
of a batteiy snnk in it to & consideraUe deptb. 

This investigation of course applies to the résistance of 
the Earth treated as the return liue in Telegraphy. 

We shall repi-esent the two électrodes as two conductors 
sunk in the iDody, and charged with equal amounts of elec- 
tricity, one positive and tïe otber négative, and on the 
principleB enuociated in Chap. m. we sliall proceed to dé- 
termine the form of the equipotentîal surfaces and Unes of 
force. 

The form of the électrodes wiH be of small importance 
except very near them, and we shall for convenience assume 
thera to be apheres charged with quantities + m and — m of 
electricity. 

In investigating the Unes of force we must in theory take 
account of the distribution on the surface of the body. This 
produces a great complication in the theory, and we bave bere 
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taken the case in vhîch the électrodes are deeply Buuk, that 
we may neglectthis distribution; iufact,tbeciirreDtsnear the 
surface will be 60 weak that we may neglect tbem entirely. 

On thèse suppositions the potcntîal at any point distant 
r,, r, frora the électrodes will be 



<'^- 



If the mass, to hegin with, be at zero-potentlal, and ± V 
the potentials at the two électrodes wbose radii we will take 
to he p, then m = pV, and the whole electromotive force 
between the électrodes 13 2F. 

To find the strength of the current, we hâve to consîder 
that the flow across an eqiiipotential surface of area tr is 
cFa-, wbere F is the resul^nt force, and c the spécifie con- 
ductivity : then the whole cuTrent-strcngth will be given by 

/=c2F<r, 
when the summation extends over any equipotential surface. 

Now the électrodes are themselves equipotential sur- 
6ices, and we may consider the summation to take place 
over either électrode. 

Since r, may be regarded as infinitely lai^e (compareJ 
to p) for any point on the surface of the positive électrode, 

the potentîal over this électrode is — ; on the same hypo- 

thesîs the force will be -j; and the area of tlie électrode is 
ix/)*; 

.*. SFff = 4irp' . -j = 4 irm= 4firp V, 

or if S be the whole electromotive force between the two 
électrodes E^ 2 V, and we hâve 

/= iTTCpE. 

But if £ be the whole résistance, 

/-^■, 

i-.<i",G(Hinlc 
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Hence we see that the résistance îs iodependent of the 
distance bctween the électrodes but varies inveraely as their 
linear dimensions. 

198. It may be interesting to notice that we mîght 
hâve deduced the same resuit hy considering the plane 
which bisecta the iine joiniag the électrodes at right angles, 
tbis being the surface of zero-potential. 

199. The resutt indicated in the last Article is fouad to 
agrée fairly with experiments. 

Tbis investigation also shows the importance of placing 
the électrodes in moist ground whose speci6c résistance 
ia small ; otherwise the résistance ofFered by the first 
layers of the eoil round the électrode may be niuch greater 
than that of the whole of the rest of the earth. When a 
badly conductiug portion occurs at a distance from the élec- 
trodes, the principle of divided circuil.a shows us that ït 
produces a very small effoct indeod on the whole résistance. 

200. We bave shown that the amount of electricîty 
transmitted across any section of a tube of force is propot- 
tional to a qnantity c which dépends only on the nature 
of the substance. K the substance coutained in any tube 
be not isotropic, c will vary, and we shall hâve différent 
current-strengths in différent parts. As a conséquence we 
shall hâve a chaire of electricity gcadually developed at 
the surface bounding the heterotropic parts of the tube. 
We now give an example of this kind. 

Frop. VUL A stratifled plate composed of puallel isotropic 
laininn has its opposite faces kept at glven potentials, to flnd tlia 
«moimt of the eloctrlc charge at ths sm&ce bounding two loyers. 

Lût there be three layers A, B, .0, and let *,, fî,, G,, p^ 
K, be the thicknesa, résistance, capacity, spécifie résistance, 
and inductive oapacityrespectivelyof j4,analetsimilarletters 
with suffixes 2, 3 dénote 'tiiose of £, C. 

Let the potentials at the surfaces A, B ; B, C he inilially 
r, and F„ and fiuaUy F,' ànd K,'. 
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Let also the potentiab at tlie outer surfaces be V and 0. 
FiftTl. 



Tnitially, aince there ia no electrostatîc charge on the 
surfaces A , £ and B, C, we shall bave 

- C,(r- F",) + ^,(K,- r,) = at A. B, 
and ~C,iV,- F,)+C.F, = Oat£, C; 

■ t^-F. V,-V. V, 



: each of them = 



Thèse equationa give 



Next for the current-strength in A, B, C reapectively, we 
hâve 



Hence I^~I^ = I^ oûly if 

K-F", r,-r, r. v. v 
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or substitutiag for F— F", its value found above 

§ f^= ^' ^' anJ similirly if.C. = iî,C; = Jî,0. = SC. 

If this relation does not bold good, a graduai storiog up 
of etectricity wiil take place at the surfaces A, B and B, C 
The law of the development of thèse charges is complicated, 
but tbeir ultîmate amouQt vre cui easîly see. In fact, the 
storing up wîU go on until the curreata in the three plates 
are equal. Hence if V^' and F,' be the ultiniate poteutials 
aX A,B; B, C reapectively, 

V—V V'—V V V 

— n— "^ = ~'~D — ' — "n . ^t"l therefore = s ■ 

Under thèse conditions the chai^ bound oq the plate A 
at the surface A, B 

-=-C,(F- F,'); 
tliat bound on plate B at surface A, B 

= +C,(F.'-F;); 
and that bound on the plate B at surface B, G 

= _C;(F,'-F,'); 
and that bouud on plate C at surface B, C 

Hence the whole charge on the surface A, B 
= -C.(F-F/) + C,(F;-F,') 

aod the charge on the surface B, C 

= _CrjF,'-F;) + C.F,' 

But by Art. 179, 
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Hence the amount at surftice A, B 

aad the amount at surface B, C 

'^R^-P.'^. + l'.''^ 

The samc theoi; might be extended to any number of plates. 
It 13 to be noticed ia tbe above résulta that the charges 

accumulated at tbe surfaces are iudepeudent of the thick- 

nesses of the plates, and depeod only ou the change in 

value oîpK. 

If the outer surfaces be brougbt to zéro, it is clear that 

liis accumulatioa within tbe conductor wili in part be con- 

dacted back again in reverse order to tbe extenor, uutil the 

whole ia discbarged. 

Cor. 1. If only aome of the plates be conducting and 
others non-conductors, the same gênerai efiects will follow. 
Thus if £ be a conductor, charges will be developed on the 
surfaces A, B and B, C, which will be bound acrosa the 
ilielectric to parts of the chargea on A and C, which parts 
will by that meana be diaguised. The amounta ao disguised 
the student can easily inveetigate for hîiuself. 

Cor. 2. It bas nowhere in the above investigation been 
asaumed that the plates are plane or bounded by plane sur- 
^es, but only that heterotropic portions of the médium are 
bounded by equipotential surfaces. This will generally be 
the caae in practice aince the platea (of glaas for instance) are 
thin and their character will vary regularly from the surface 
towards the interior, the vaiiation being probably due in a 
large measure to unequal cOolingof the iutemal and estemal 
parts. 

201. This proposition ia important, aince in the opinion 
of Prof. Clerk Maxwell and M. Gaugain it is the beat ex- 
planation yet offered of the pbeaomenon of 'electrical ab- 
sorption,' as observed in the residual chaîne of a Leyden jar. 
Faraday attributed it to a partial soaking of the electricity 
from opposite aides of the dielectric into its substance, This 
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explanatioD contradicts Faraday's owa principle of the îiu- 
posaibiiity of charging any mass of matter bodily with e!ec- 
tricity. The explanation furniglied by the stratified médium 
shows that the accumulatloa takes place atiber the maDDer of 
a compound condenser on stricUy electrostatic principles, 
each charge being bouad acrosa the dielectric to an equal 
amount of opposite electrîcity. As a minor point this ex- 
planation confirma the observed fact that with air as dielectric 
there ia no residual charge. We can easiiy see, however, that 
whatever substance except air the dielectdc be composed of, 
owing to imperfect annealing du ring cooiiog, and the 
necessary irregularity in coiuposition, the médium will not 
be perfectly isotropic, and wbere the médium is not isotropic 
the phenomenon of internai accumulation must arise. Frof 
Clerk Maxwell justly remarks, that although this theory 
shows a possible way in which the residual charge may arise 
it is conceivable that it really points to an entirely new kini) 
of polarization in the dielectric. 

202. The method of electrical images can sometimea 
be employed to solve the problem of conduction through 
heterogeneous bodies. We hâve shown (Art, 197) that 
the problem of conduction through' a given homogene- 
ous médium résolves itself into coùstructing Systems of 
equipolential surfaces and lines of force due to a dis- 
tribution of electricity at certain points in the médium 
treated at ârst as dielectric. Thus if in a homogeneoue 
médium we hâve a single source of electricity the equi- 
potential surfaces will bo sphères. Let us suppose aquan- 
tity of electricity Q at the source, then the force over 

a sphère of radius R will be -^i, and ^Fa- over this will be 

iirQ. Hence (Art, 197) if p be the spécifie résistance of the 

substance meaaures the quantity of electricity flowing 

from the source per second. If we bave given that the flosf 
of electricity from the source is / units per second or thst 
the whole currcnt-strength is I the imaginary quantity of 

i-.<i",G(Hinlc 
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If we have two média of différent conducting powera, we 
hâve seeu (Art. 200) that there will be at Hrst a Btoriog of 
electricity at the comtnoD surface, and this distribution not 
being equipotential will alter the equipotential surfaces in 
the field. It is easy however to see that the potential must 
satisff two cooditiona. Firat, at every point of the bouodiog 
3UT&ce the potential in the two média must be the same. 
Seoondly, the quantity of electricity transmitted in one 
raedium towards any area on the suriace of séparation must 
equal that transmitted from the samc area in the other 
médium. If then we can find a system of ima^nary sources 
in the média whicb will satisfy thèse conditions at every 
point, we can map out by means of them the equipotential 
surfaces throughout thê whole of the two média, and solve 
directly the problem of conduction through tbem, 

203. Prop. IX. To InTosticate the conduction of electricity 
tiirongh Irwo média of différent résistance sepaiated by a plane but 
otherwisfl nnbonnded; the source of electricity being at a glven 
(Oint in one mediwn. 

Take P the source of electricity in the médium A sup- 
pose, let Pj be ita image in the plane of séparation of A and B. 
Suppose the potential in the médium J. to be that due to £ 
at P and E^ at P^ and tlie potential in the médium B due 
to £, at P. We must apply the criteria of the last Article 
to show whcther thèse suppositions can be made to fulfil the 
conditions of the problem. 

First. The potential at Q a point in the médium A and 

in the plane of séparation îa —pTr^, a>id the potential at the 

. E E 
same point Q in- the médium B is -^7;= p-J^. 

Hence E^ = E + E^ (1). 

Secondly. If p,, p, be the spécifie résistances of the 
two média the quantity of electricity transmitted per aecond 

through an area a, near Q in the médium A, is — F<t (Art. 
157), where F is the force perpendicular to o-. But (by Art. 
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114) F= ^ ' pfp ' where p is tlie distance of the source 
froin the plaoe. Hence the quantity traosmitted through «- in 



^4^-^)^^.. 






..(2). 



Frotn (1) and (2) we hâve 

Pt + Pi 

ft + P. 
whicb showa the original supposition admissible and gives 
a complète solution of the problem of conduction. If the 
médium A be a perfect insutator p, is iofinite, and in this 
case E^ = — E, and E^ = 0, the ordinary electrostatic problem 
of induction in an infinité conducting plate by an electrified 
particle. 

Cor. 1. It may be proved by asauming the source a 
small spherical électrode that the âow of electricity per second 

from the source is . 

Cor. 2. The quantity conducted per second from the 
médium A to the médium B acrosa the plane of séparation 

is found by an easy summation to be — ; — . 

■^ ■' P. + Pt . 

. CoB. 3. This gives the solution of conduction through 
two média bounded by a plane for an^ System of sources 

wbatever, aînce the potential at any point will be simply that 
due to the superposition of the potentials of the sources 
and of their imaginary images as given above. 

Cor. 4. If ^,, 6, be the inclinations of the line of force 
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on opposite sides of the plane of séparation ot A, B to the 
. normal to tbat plane, it ia at oa&e seeu that 

tan e, = J^' . tan e, = ^* tan 5^ 

or ft tan^, = p,taû^^ 

whîch ia sometimes called the law of refraction of a Une of 

force from one médium into another. 

201. The same method maj be applied to the explana- 
tion of Nobili's ringa ivhen the fluid stratum ia veiy thick 
compared to the distance of the électrode from the métal plate. 

Thèse rings, as is well known, are produced when a wire 
forming one électrode is immersed in a fluid spread over 
a métal plate forming the other électrode, theae électrodes 
beîng connected with a battery. If the fluid ia an electro- 
iyte it will be decomposed, and some product of decom- 
poàtion -wiil be laid in thin layers on the métal plate. The 
^arying colour produced by thin plates accordiug to their 
thickness will vary with the thickness of thia depoait, and 
the thicknesa of the deposit will dépend at each point on 
the intensity of the electrical force. 

Since the résistance of the liquid is always very great 
compared with that of the métal sheet we may neglect p^ 
compared with p and we bave E^ = — E, when the problem 
reduces to tbat ot tbe ordinary electrical im^e investigated 
in Art. 114. 

The force at each point on the plate will be that due 
to the electrified point combined with its electrical image, 
and ia shown to vary inversely as the cube of the distance 
between the électrode and the point on the plate. Heuce 
the thicknesa of the deposit will vary aiso as the inverse 
cube of the distance. The remaining part of the investi- 
gation having référence to the succession of the coloured 
liiigs produced, being an optical problem, ia ont of place hère. 

Examples on Chaptee VIL 

Tbe foUowÎQg is a table of condactiTitj of the commoneat metals : 
Silvei 100. Copper 99'9. Zino 29. 

Phtînuni 18. Iron 18-8. Getnian aUTer 7'7. 

Meronry 16. Graphite 0-07. 

CE. l-* 
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The (oUoring rsanlts of experimeiit m&; be asBomed : 

BesisUnoe per slatate sale ol pnie copper inre=— ^— ohms, whera 
d^diomeCeT in thouBandths of an incli. 

Besistonce of 1 knot (2039 jAb.) of pnie copper wire weigbing 1 Ib. at 
32°F.=1091-2aobiiiB. (Latiuter Cl&rk.) 

1. Find the length of copper wire -^ïn. in diameter 
whose résistance îs 1 ohm. Ans. 125^ yds, 

2. Ficd the leo^h of platinum wire, of the same diameter 
as question 1, whicb bas 1 ohm résistance. Ans. 22^ yds. 

3. Siemens' unit is defined to be tbe résistance of a column 
of mercury 1 mètre long, whose section is a square mm. 
Compare it with the ohm. Atis. Siemens' unit = 108 ohm. 

4. Find the résistance of a fusée of platinum wire ^ in. 
long, of which a yard weighs 2 grains. Given tbat the 
spécifie gravity of platinum is 22, and of copper S'8. 

.4ns. -133 ohm. 

5. Find in ohms the résistance of a hundred miles of 
iron telegraph wire, whose diameter is ^ in. Ans. 816 ohnis. 

6. Find the diameter of a copper wire of which one mile 
gives 738 ohms resistanca Ans. "OOSS. 

7. Wbat must be the ratio between the diametera of a 
copper and iron wire that equal lengtbs may give the same 
résistance î Am. 41 to 100 nearly. 

8. What length of German-silver wire '05 in. diameter 
must be taken to get 1 ohm résistance? Atis. 6178 yds. 

9. What diameter must a silver wire bave that 1 mètre 
jnay hâve 1 ohm résistance ? Ans. 0058 in. 

10. Resistance-coils are made of German-silver wire, 
■005 in. in diameter. Find the length of it in a coil whose 
résistance is 1000 ohms. Ans. 61783 yds. 

11. If 100 in. of copper wire weigbing 100 gra. has 
résistance '1516 ohm, find tbe résistance of 50 in. weigbiog 
200 grs. Ans. -01895 ohm. 

12. Two celle, each 1 ohm internai résistance, are con- 
neeted in compound séries with a wire whose résistance is 
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1 ohm. If each of theae, when connected singly by stout wires 
to a galvanometer* of no appréciable résistance, deâect it 
25°, how miicb will the combination deâect itî Ans. 17° 15'. 

13. A single thermo-electric couple deSecta a galvano- 
meter of 100 ohms résistance 30', how much will a hundred 
such couples in compound séries deflect itî (The resbtance 
of the couples thetnaelves may be neglected.) Atis. 41' 7', 

14. The internai résistance of a cell ïs half an ohm; 
wben a galvanometer of one ohm résistance is connected with 
it by short thick wires it is deflected 15°: by how much will 
it be deflected if for one of the thick wires a wire of 1-5 ohms 
ïeaistance be subatituted î Am. 7|°, 

15. A cell of Johm résistance deflectaa galvanometer of 
unknowQ résistance 45°, the connection being made by short 
stout wires. If a wire of 3 ohms résistance be subatituted for 
ooe of the stout wires the deflection is 30*. Find the résist- 
ance of tbe galvanometer. Ans. 3'8 ohms nearly. 

16. A galvanometer of no sejisible résistance is deflected 
*5° by a cell connected with stout wires. When a résistance 
of 5 ohms is introduced, the deflection sinks to 30° ; find the 
résistance of the cell. Ans. fi^S ohms. 

17. A Bunsen and a Danîell cell are placed in the same 
circuit, first with their electromotive forces in the same direc- 
tion, and secondly in opposite directions, the deflectiona being 
respectively 30°"2 and 10°'6. Compare their electromotive 
forces. Avs. Bunsen'a cell = l'9 of Daniell's. 

18. If an insulated closed voltaic circuit be connected at 
a point whose potential ja V with an insulated conductor 
vrhose capacity is C, show that the potential at this point 

CV 
becomes -^ — jj-,, where is the capasity of the original 

circuit; and that there will be a fall of potential through the 

C'Y 
vhrAe circuit equal to -r^ — tp • 
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19. The terminais of an însulated battery of 620 cella 
are united by 78 miles of cable which hâve the same resiafc- 
SDce as the battery. At the extremity of the cable, next the 
zincode, 43 miles of cable are connected with tbe circuit 
at one extremity, the whole being insulated. Show that the 
potential at the zincode immediately falb in the ratio 14 
to 9 nearly. 

20. A battery of seven cells has its ends joined by a wire 
■whose résistance is three times tbat of the battery. At the 
junction of the third and fourth cella there is connection with 
the earth. Draw a diagram of the fall of potential in the cir- 
cuit. How will tbe carrent in the circuit be a£fected? 

21. Three Daniell's cells are arrangea in compound circuit 
with a résistance of ten times one cell betweea eacb two. 
Calcuiate the current when the terminais are joined by a 
stout wire, and draw a diagram of the fall in potential 
through the circuit 

22. If the différence of potential between the two term- 
ïnala of a battery be measured when the circuit is open, and 
if the same différence of potential, measured when closed, is 
one-half its former value, show that the external and internai 
résistances are equal. 

23. If by introducing into a circuit (formerly closed by a 
short atout wire) a certain measured résistance, the current- 
strength sink to one-half its former value, show that the 
résistance introduced is equal to the internai résistance. 

24. Find tbe résistance introduced into a circuit by using 
a galvanometer with a shunt, the résistances of the gal- 
vanometer and shunt being known. 

2ô. Find the résistances in a séries of shunts which shall 

allow T-- , :j--r-- , — , &C. of the current to pass through a 

galvanometer, the résistance of the galvanometer being knonn. 

26. To a telegraph wire is attached at two points, five 
yards from each other, a mire of ^th its diameter, but 
20 yds. long, which is passed round a telegraph needle; what 
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' {voportion of the cuirent passes in the long and short vire 
respectively 1 

27. A Une joïning two places A, B, 130 miles apart, at 
10 miles from A drops from its support and resta on auother 
«iie whîch makes earth at distances 30 and iO miles. Find 
die ratio of the current-strengths at A and B. 

Ans. If sent from A, 8 to 1. if from B, 12 to 19. 

28. In a cl<»ed circuit, two points are joined by a coD- 
, ductor of given résistance. Given the résistances, write down 

équations to détermine the currents in ail the branches. 

I 29, Two cells AA^, BB^, are simple cîrcuited by wires 
ÂCB, A^DB^, and the pointa C, D joined by a wire. Given 
the résistances and electromotive forces, find the cuiTent in 
GD. 

30. Find the cuirent in the preceding question, sup- 

' posing the two ceUs arranged in a compound circuit. 

I 31. Show in the last question if the current in CD 
vanish, and E,, E^ be the electromotive forces in AA^, BB^ 

I respectively, then 

E^ : E^ ■.: résistance in CAA^B : résistance in CBB^D. 

I 32. Four cells, the résistance in each being 3 ohms, are 

I ised with estemai résistance 10 ohms; will it be better to 

I use them in a simple or compound circuit? 

! Ans. Compound circuit. 

I 33. Find the smallest external résistance in the preced- 
ing question with which it will be an advantage to use a 
compound circuit. Ans. 3 ohms. 

34!. "When the pôles of 100 cells in compound circuit 
are joined by a thick wire, a galvanometer deflects 60° ; when 
100 ohms are inserted the deflection sinks to 30°. Find the 
internai résistance of one coll. Ans. "5 ohm. 

35, Of two cells one ia short circuited and gives 60" 
deflection, and on introducing 6 ohms the deflection be- 
comes 45': another, when short circuited, gives 45°, and on 
introducing 6 ohms ainks to 30. Find the ratio of_ tbeir 

■' eSectromotive forces. Ans. Js to 1. 
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36. The idncode of a battery of 100 cella îa to earth, and 
the other end communicates with the end ^ of a line AB, 
■whose distant end 5 ia to earth. The résistance of the line 
AB is ten times that of the battery. If now a second 
battery of 50 cells having aiso its zincode to earth hâve its 
other end (aa weU aa that of the former battery) to the end A 
of the telegraph, find the change in the cnrrent in the lioe. 

A ns. Ouïrent îa |^ of former value. 

37. A battery of 20 ohms résistance sends a current 
through a galvanometer of 15 ohms résistance to a line of 70 
ohms résistance, and at the other end is a galvanometer of 15 
ohms résistance. What effect is produced on each galvano- 
meter if there be a fault whose résistance is 20 ohms in the 
middle of the line? 

Arts. Current in battery galvanometer is altered in ratio 
84 to 59, that in line galvanometer in ratio 2é to 59. 

38. A telegraph wire having a battery and galvano- 
meter at the sendîng, and a galvanometer at the receiving 
end, when in good insulation transmits a current /. After a 
Êiult bas arisen in the line, the current at the sending end 
rises to 7,, and at the receiving end siaks to I; show that 
the fault divides the whole résistance in the circuit in the 
ratio I ~ I, to I^ — I. 

39. lo a compound arrangement with 3 cells and no 
extemal résistance except a galvanometer the deflection was 
observed to be 60", Using one cell only and the same exter- 
nal conditions the deflection was 44". On introducing into 
the latter arrangement 20 ohms additional résistance the 
deflection sank to 25°, Find the résistance of the galvano- 
meter and of each ceU of the battery. 

jlns. Internai résistance 6 ohms. 
Galvanometer „ 12'5 ohms. 

40. One hundred cells each of internai résistance 4 
ohms are to be nsed with 25 ohms extcmal résistance. Find 
the arrangement which will give the strongest current and 
the strength of this current. 

Ans. 4 rows of 25 cells. Current-strength ^E. 
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41. Wliat îa the best arrangemeot of G cells each of | ohm 
résistance agamst an extcrnal résistance of 2 obmsî 

■dus. 6 cella in compound circuit, or 2 rows of 3 cells. 

42. What is the beat arrfingeraent of 20 cells each of 
S ohms résistance against an eztemal résistance of 4 ohms? 

Ans. 4 rows each of 5 cells. 

43. A battery of three cells ia arraoged in a mixed 
circuit so that there arc two rows contaiuin^ I and 2 cells 
respectively, and the terminais are connected by a wire of 
résistance £. Find the current-strength. 

Atis. - „ - ■ , where E is the electroraotive force and 
T the résistance in each celi. 

44. A battery of six cells is arranged in mixed circuit 
so that there are three rows containing respectively 1, 2 and 
3 cells. Find the current-strength in a cunductor joining 
the terminais. 

45. A battery is arranged in mixed circuit consisting of 

1 rows containing respectively 1, 2, 3 n cells. Show 

that the current-strength in a wire joining the terminais 

13 given by 

r + MH' 

r „ , 1 1 1 1 

where 'S=l +5 + + 7+ +"■ 

2 3 4 » 

46. In Wheatstoae's bridge as commonly «sed (Fig. 64), 
show that when the branch BD is open the difiFerence of 
potential between B aud I> is given by 

E(ps — r q) 



It{p + q+r + s) + ip + q)(r+s)' 

47. Find alao the electromotive force ia £D when thia 

hranch is closed. 
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48. If p = 16, î = 4, r = 41, * = 103 and ^ = 4, 
and tbe galvanometer resistaDce is very great, ând thé part 
q{ the vhoLe electromotlve force which acta in tbe bridge- 
piece. 

49. A polarized voltameter and a galvaoometer are 
included in the bridge of Wheatstone'a bridge and the résist- 
ances ananged so tbat there is no current in tbe bridge ; 
sbow bow to détermine the electrumotive force of polari- 
zation. 

50. A Voltameter or polarizable cell is included with a 
comniutator in the branch AB suppose of tbe bridge, show 
what measurements you wou!d make to détermine the effect 
(if any) produced by the polarization in the résistance, 

51. If the résistances in the preceding question were so 
arranged that no current was passing in tbe bridge £D, and 
if on turning the comiuutator no current still was passing, 
what inference would you dn^w ? 

52. ABC is a triangle formed by straigbt and uniform 
conductors, and OA, OB, OC are similar conductors joining 
to tbe angular points ; find the condition that OA may be 
conjugate to BC. 

53. Sbow tbat in tbe preceding question if be a point 
auch that OA and BC are aJways conjugate, the locus of 
is a cîrcle. 

54. Show alao that there is one and only one point sucb 
that OA is conjugate to BC, OC to AB and OB to AG. 

55. In a wire joining the pôles of a galvanic cell of 
small résistance the wire is more beated if it be of copper 
than if it be of platinum of the same dimensions, but if 
the internai resistai^ce be large, the platinum wire will be 
more heated than tbe copper. Explain tbis, and reconcile it 
with tbe statement that the beat evolved is equal to the 
energy which runa down in tbe discbju'ge. I 
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56. Show in the previous question that the heat giveo 
. ont iû tbe two wirea would be equal, if the iatemal resUt- 

ance of tbe cell be a géométrie meaa betweea the resistancee 
of the copper and platinum wirea. 

57. If a chain made of altemate links of platinum and 
silver bave a strong entrent sent througb it the platinum be- 
comes red bot wbile tbe silver remaina cold and black. Ex- 
plain thi3. 

58. If part of a loop of wire whicb is rendered red hot 
by the passage of a cuireut be beld in a spirit âame, the 
piut outside the âame becomes black, but if the same part 
be dipped in water tbe part outside immediately glows witb 
a redder ligbt Explain this. 

59. A copper wire carrying a voltaic current ia dipped 
in copper sulpbate or dilute acid, deacribe the effect produced 
on tbe current and on tbe liquid, 

60. In a zinc-copper cell the zinc and copper plates are 
united by a copper wire immersed in the liquid, what will be 
the effect on the current in the circuit ? 

61. A séries of plates of platinum foil separated by 
paper damped witb'acidulated water are connected for a few 
minutes with a battery, After removal the terminais are 
united with a galvanometer, which iramediately indicates a 
current. Explain thia, and show the direction of the current 
m relation to the battery current. Will this current be per- 
manent î Hqw fer may the arrangement hère described be 
compared to a Leyden battery î 

62. An électrode is sunk in the centre of a spberical 
Qiass of matter whoss spécifie résistance is k„ which ia sur- 
rounded by an infinité mass of spécifie résistance k^ Find 
the potential at any point in the mass. Discuss the effect 
on the current when k, is very large compared with k^ and 
apply it to show the effect of a ' bad earth ' in Telegi-aphy. 

63. Show that in a circuit in which the galvanometer 
i^tance is very large compared to ail other résistance the 
gitlvanometer l'cading will not be diminisbed by introducing 
aahunt. .- , 

C..(Hi'{k- 



CHAPTER VIII. 

MAGNETISM. 

205. We havc hère a new class of phenomena to con- 
aider. They arc eshibited most stroDgIj in the varieties of 
iron, though probably in some degree in almost ail bodies. 
We shall place before the reader a brief sketch of the phe- 
Domena with whicb we assume he la alréady fatniliar, and 
develop as far as possible atep by step the theory deduced 
frora tnem. 

Experiment 1. A pièce of magnetic iron or a bar of 
steel magnetized is found to exercise a peculiar force on 
pièces of iron, Tbis force vaniahes near tbe middle of the 
bar, and iucreaaes in magnitude very rapidly towards the 
ends. The force is often spoken of as résident in the ends 
of the magnet, which are therefore cailed îts pôles. 

As in electricity the force is often attributed to an iraa- 
ginary distribution of magnetic fiuid over the pôles. This 
must of course bo treated as only an image representing to 
our minds the existing force, 

206. Experiment 2. If the two pôles of any magnet A 
be brought in succession into the neighhourhood of a pôle 
of a second magnet B, one will suffer an attractive and the 
other a répulsive force. If anotber magnet be taken, and 
thepolesof.4 and 0, which are bothattracted or bothrepelled 
by one pôle of B, be made to act on each other, there will be 
a répulsive force between them. If again two pôles be taken, 
one of which is attracted and the other repelled by either 
pôle of B, there will be an attractive force. 

We infer from thèse expérimente that every magnet has 
two dissimilar polea, and tkat like pôles repel each other, but 
unlike pôles attract each other. 



' The nomenclature of thèse pôles ia derived from the 
behaviour of the magnet when suspended about its centre of 
gravity. Each ms^et, if fiee from other magnetic itiHuence, 
then points in thia country nearly due N. and S. The end 
that points northwards is called the north pôle, and that 
which points southwards the south pôle. 

We shall however speak of the magnetism distributed 
over the north pôle of a magnet as positive, and that over 
the south pôle as négative magnetism. 

207. Experiment 3. The forces exerted by the two pôles 
of a magnet on any third pôle are always equal in magnitude, 
though opposite in direction. This will be conveoieutly ex- 
preased by saying that if the strength of one pôle bc + m, 
tàat of the other is — m. 

The strength of a pôle can be expressed by the force it 
eierts on another pôle, and the unit in terms of which it is 
measured can be defined tbus : 

Dbf. a L'Nit Magnetic Pôle is a pôle which exerta a 
tmit of force (or a dyne) at unit distance on another equal 
pôle. 

As in atatical electricity, we hère deâne Magnetic Density. 

Def. Magnetic Density at any point on the surface of 
« magnetized rnass is the quantity of magnetism per sq. cm. of 
surface separated at that point. 

We add hère the définition of the Moment of a Magnet, 
a term we shall hâve often occasion to employ. 

Def. Moment of a Magnet is the product of the strength 
ofeitherpole by tke distance between the pôles. 

We shall assume that in a compound magnet, wbere the 
sxes of ail the elementary minets are in the same direction, 
tiie moment of the whole magnet is the sum of the moments 
of the éléments. This wîll appear true when we corne to the 
physical meaning of Magnetic Moment. 

208. Experiment 4. The force between two magnetic 
pôles ia found to vary as the product of their strengths when 
atthe same distance, and inversely as the square of their 
distaoce when the distances are varied. 
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Thus if we Lave two pôles whose intensitles are m and m' 
at a distance r from eacn otber, the force between thetn is 

—3- , this force being répulsive when the numerator is 

positive, and attractive when the numerator ia négative. 

Tbià experiment showa that round everj distribution of 
magnetism a âeld of magnetic force esists whose gênerai 
lawa will be identical with those of gravitational force dis- 
cusaed in Cbapter II. The only change reqaired will be to 
read imit magnetic pôle or particle chargea with unit of 
positive mM^netism, for the unit of mass there employed to 
test the ËeM. Our définitions will then stand thiis: 

1, Fteld of Magnetic Force is the médium surrounding 
m^netized bodies within which work bas to be done to 
move a magnetic pôle. We are not at lîberty to assume as 
in electricity that the field of force does not extend within 
the magnetized mass itself, since there is no experiment to 
show that within a magnetized mass the magnetic force 
vanishes. 

2, Liiies of Farce are lines in tbe field auch that the 
tangent at each point shows the direction in which a mag- 
netized particle placed there would be urged, Since a 
positively and negatively magnetized particle will be urged 
in opposite directions along the tine of force, it is convenient 
to define the positive direction of the line of force as that in 
which a positively magnetized particle would be urged. 

3, Strength of field at a pmnt, or Magnetic Force at a 
point, is the Ibrce with which a unit magnetic pôle would be 
urged if placed at that point. 

4-, Magnetic potenkial at a point is the work which 
would be done in bringing a unit magnetic pôle to that 
point from an infinité distance or out of the field of mj^etic 
force. If there be a distribution of magnetism consiating of 
quantities m,, m ... at distances r^, r,... from the given point, 
the measure of the mt^netic potential at the point will be 

a + i. + .ï2. 

i-.<i",G(Hinlc 
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209. It is usiial in dealîng with the magnetic field to 
make a conventioD with référence to the Unes and tubes of 
Force. Suppose one equipotential surface in the field 80 
mapped out tbat the number of linea of force arising from any 
closed area on it shall be proportional to the product of the 
area and the average force over it, &o that the force at any 
point. on that surface is proportional to the number of Unes 
of force per unit area of surface near that point. It will be 
seen that we do not hère lîmit the number of lines of force, 
but only the ctoseness of their distribution. Thus a certain 
density of distribution represeating unit force, a distribution 
of twice as many per unit area or twice tbe deasity repré- 
senta a force whose numerical measure is two tmits, aud 
Bo on. It is usual to make the further convention that the 
denaity or cldseness oî lines of force wbere the force is unity 
shall itaelf be represented by one unit, so that tbe force at 
any point is measured by the number of lines of force per 
unit area near that point. With the above limitations F(T 
measurcs the number of lines of force which înteraect an 
élément <r of the equipotential surface, over which the force 
is F, and the same number must intersect ail éléments of 
ail equipotential surfaces made by the same tube of force. 
Since Ftr is constant tbroughout the tube it foUows that the 
force at a point on any other equipotential surface will be 
measured by the number of Unes of force per unit area near 
that point. Tbe reasoning of Art. 43 can be applied to prove 
that for any small area whatever not on an equipotential 
surface, the number of Unes of force per unit area is the 
nomerical measure of tbe force resolved perpendicular to 
Aat area. 

It is proved, Art. éC, that if the lines of force pass tbrough 
a distribution of attractîng matter, the product F<t changea 
hy 4irp<r, wbere p is the density of tbe distribution. This 
on the new convention will be équivalent to saying that if the 
tube of force intercept a magnetic distribution whose density 
is p, tbe number of lines of force per unit area must be 
increased by ivp, and similarly if it intercept a magnetic 
distribution whose density is - p, the number of lines of force 
must be diminished by érrp per unit area. 

i-.<i",G(Hinlc 
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210. Eicperiment 5. If a strajght bar m^uet AS, such 
aa was referred to in preceding expert ments, be broken m 
half as at C, we do not get two bara, one A C charged entiraly 
with north magnetic fluîd, and BG entirely with south mag- 
netic fluid; but at C two new pôles are developed on opposite 
sides of the plane of division, so that we get two magnets 
with pôles of the same întensîty as the original magnet. 
Fig.72. 
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If .^0 be broken at P, we find again two new pôles 
developed at the place of fracture, and this opération inay 
be repeated indefinîtely, each fragment broken o£f still being 
magnetized similarly to the given magnet. 

This leads us to the conception of a magnet as made up 
of molécules, eacb of which is a magnet, the résultant magnet 
being due to the combined actiou of ail the elementary 
liH^ets of which it îs composed. If thèse small magnets 
hâve, when removed from the magnetized mass, ail the same 
magnetic density on tbeir pôles, it is clear that the north 
and south polar magnetisms of contiguous éléments just 
neutralize each other, and there can consequently be no free 
magnetism in a uniformly magnetized body, the whole mag- 
netic effect being due to the imaginaiy surface distribution 
of free magnetism. 

Suppose one of thèse sraall magnets of length s and sec- 
tion a to haTe a distribution over its end whose density is p, 
the strength of ïts pôles is therefore ± pa, and ita magnetic 
moment (Art. 207) is pas. But as is the volume of the small 
magnet, and tbereiïire p may be defined by the quotient of 
tbe magnetic moment of the magnet by its volume. Thia 
Quotient withln the mass (where there is no free magnetism) is 
called tbe intensity of magnetization. If the mï^net be not 
uniformly magnetized, we may still at a particular point 
compute the magnetic moment per unit volume, and define 
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i this to be the înteusity of magoetizatioa at the point in tlie 
magnet 

Def. The Intensity of Maonetization at any point 
i% a magnetic masa is meaeured by the magnetic moment 
per unit volume of a mass of the magnetized Tnatter very near 
to tke point 

211. If a small rectangular parallelepiped having its length 
in the direction of ma^etization were removed from the mass 
without disturbing its magnetlsm, the intensity of magnetiza- 
tiou at the point la the same as the densitj offres magnetism 
on the faces perpendicular to the direction of magaetization. 
If the parallelepiped eut out of the mass were not rect- 
angular, but had the normal to its magnetized face inclined 
at an angle to the direction of magnetization, the area of 
ils face would be increased in the ratio cos 6 to 1, and there- 
fore the density of free ma^etism would be diminished in 
the ratio 1 to coa 0. Hence at a point in the surface of a 
nniformly magnetized magnet of intensity /i, at which the 
normal to the surface makes an angle with the direction of 
magnetization, the density of free magnetism will be /ï cos d. 

This leads us to a convenient mental représentation of 
a uniformly magnetized mas3 of any form. Suppose the mass 
•If everywhere perraeated by two imaginary fluida, one having 
density p and the other — p. In the neutral state of the body 
thèse tluids are exactly superimposed and coïncide, filling the 
whole body. In the magnetized body we may assume 
that the positive fluid has been moved en masse by simple 
translation through some very small space s relatively to 
the négative âuid. The action of the magnetized mass will 
in eveiy i-espect agrée with that of the equal masses + M, 
and — M, the direction of dîsplacement being the direction 
of magnetization aod the amount of displacement detenuined 
by the formula p8=fi, the intensity of magnetization. For 
thèse two fluids neutralize each other throughout the body, 
leaving only a surface distribution whose depth is s coa ^ at a 
point wbere the normal to the surface makes an angle 8 
with the direction of displacement. The quantity per unît 
area of this fluid will be therefore pac(i&0 = ncm0; which 
also représenta the density of free mi^etîsm on a uniformly 
"---'--39. 

i-.<i",C.(H1HlC 
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212, Experiment 6. A magnetic pôle indoees in a pièce 
of soft iron near it a. séparation of the magnetic fluids ; on 
tlie parta neareat to ît inducing a distribution of magnet- 
ism of opposite sign, and on the parts more remote a dis- 
tribution of magnetisrn of lilte sign with itself. 

This induction takes place ivhether bodies be aiready 
magnetized or not, but its amount dépends very much on tbie 
nature of the body. Thua a pièce of soft iron placed in the 
magnetic field, becomes temporarily a strong magnat, ■while a 
pièce of hardened, or cast iron, or bardened steel will not be 
80 powerfuily magnetized. 

On removing the soft iron from the magnetic field, ît is 
found at once to become very nearly neutral, retaining to a 
very slight extent the mj^netism it iiad acquired under the 
influence of the magnetic field. It is in conséquence when 
in the field said to be a temporary magnet. 

On removing from the field the hardened iron or steel, it 
is found to retaiu to a much greater estent the magnetisrn 
induced in it, tbough its temporary magnetic properties were 
much weaiier than those of the iron similarly placed. Thus 
the steel under magnetic induction becomes a permanent 
magnet. The amount of maguetism whicb becomes per- 
manent in the magnet, can be very much increased by setting 
it in a state of violent vibration when in the field. 

This behaviour of hardened iron and steel is explained 
by the existence in them of.a coercitive force which is absent 
in the soft iron — a force causing the molécules of the body 
not to yield so readily to magnetic forces, and therefore not 
to acquire mi^netism so easily, but having once acquired 
it to retaia it for ever, 

It is generally assumed tbat the magnetisrn induced in a 
thin rod of iron or steel is proportional to the strength of 
the magnetic field: this is true only within certain limita, 
since ail known magnets reach a point of saturation after 
which tbey are unable to take up more magnetisrn. Tbe 
law of direct proportionality only nolds until uie magnetisrn 
bas reached about one-half the saturation charge. 

_ *The only bodies except the varieties of iron which ei- 
hibit magnetic properties when placed in a weak magnetic 
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field are nickel aod cobalt, though it bas been found by 
Faraday, tbat ail bodies become magnetic when placed iu a 
field of sufficient strengtb. He fouod also in the course of 
thèse experimeatg tbat a class of bodies of which bismuth is 
the type hare magnetic propertiea exactly the reverse of iron, 
appareutly acquiring uuder magnetic induction a pôle of 
the same name nest the inducing pôle. To thèse bodies he 
gave the name diamaguetics, caTling bodies nbich resemble 
iroa in their propertiea paramagnetics. 

213. If there be in the magnetic lield a smaJl filament of 
iron whose lengtb js along a Une of Force at a point where 
the strength of the field la F, tbe quantity of fi-ee in^netism 
on its ends may be represented by ±k.r.a where a ia the 
area of section of the filament, and A; a constant depending 
on the nature of the iron, being greatest for soft iron and 
least for ateel. k is then called the coefficient of magnetiza- 
tioD, and is large for iron and moderate for nickel and 
cobalt, but only a very small fraction for ail other paxa- 
m^netics, and a very small négative fraction for ail dia- 



Def. The Coefficient of Maqnetization for a given 
hind of iron is measwred by the density of magnetism, on the 
ends of a prism of the iron placed along the Unes of force in 
afidd ofunit strength. 

214. When the body under induction consista of a solid 
finite mass, the problem of magnetization becomes compli- 
cated, since the magnetization at each point will be due not 
only to the extemal magnetic force but to the induced mag- 
netism tbrough the rest of the body. Where h ia very small 
aa is the case in ail diamagnetica and in ail paramagnetics 
exeept iron, nickel, and cobalt, probably the infiuence of 
the magnetization of the surrounding mass may be neglected, 
and we may suppose each élément of the mass mf^netized 
along lines of force, the strength of magnetization being 
^ven by the above formula. 

The exact méaning of the Mî^etic Force inside a mag- 

netized mass présents some ambiguity. To introduce a 

niagnetic pôle we must suppose a cavity of some ehape made 

in the mass, and then on the surface of this cavity there will 

C. E, 1» 
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be an induced charge of free mf^etîsm whose influence on 
the ntagnetic force must be taken into account. Suppose for 
instance tbe cavity to be a cylluder of small dimensions 
wbose axis ia along the Unes of force and whose length ia 
many multiples of its diameter, there will be no free mag- 
netism except at its enda, where there will be at tbe 
positive end relatively to the line of force a distribution of 
density — kF, and at the opposite end of + kF. The force 
due to thèse distributions on a pôle at tbe centre of the 
cylinder will be by Art. 36 47rii^(l — cos'^), -where -^ is 
half the angle subtended by either end of the cyUnder. 
But in the caae siipposed ■^ is very small and therefore the 
term vanishes. Henoe in a long tbin cylinder the mf^netic 
force will be that due to the ordinary magnebic forces only, 
including of course both the internai and the surface dis- 
tributions of free magnetism. Next suppose the cavity s 
small wafei-shaped hoUow whose thickness is along Unes of 
force and very small compared to its diaraeter: we ehall 
agaiQ hâve a distribution on the ends of density ± kF, 
and the force due to thèse distributions on a point very 
near to them and between them will (Art. 36) be ivkF, 
since bere cos'^ vanishes. The whole force therefore within 
such a cavity wiU be 

iT}cF + F={l + i7rIc}F. 

This is frequently deâned to be the magnetic induction in a 
body under induced magnetization ; the coefiBcient (1 + 4wi) 
being caUed that of magnetic induction within the magne- 
tized mass. It is often denoted by tbe symbol fi. 

Def. Coefficient of Magnetic Induction mthm a 
magnetized mass ù the ratio between^ the magnetic induction, 
amd the magnetic force at any point within it. 

The coefficient of induction in free space is unity since 
k vanishes, and in ail paramagnetics it is greater than 
unitj^, in ail diamagnetics positive and less than unity, since 
no diamagnetic is Known whose coefficient of induced mag- 
netization is numerically as great as 5— . 

215. The conception (explained Art. 75) of a dielectric 
médium under electric forces will apply equally in ex- 1 
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ptaming the phenomena of magnetism as taking place in a 
magoetic médium under magnetic forces. We conceive the 
vhole médium as consisting oF magnetic molécules distii- 
bnted ibrongh a non-mi^etic médium, tfais médium beïng 
absolutely impervious to m^netism, aiiice there is notMng 
in magnetism correspondiDg to conduction in electricity. In 
a mefium under magnetic forces we shall hâve Systems of 
tabès of force and equipotential surfaces, the quantity of 
magnetîsm separated acroBs any equipotentîal surface being 
±kFiT wbere k is the coefficient of magnetization as ex- 
pUined above, F the magnetic force due to extemal mag- 
uetism or superficial magnetism of the médium ïtself, and 
a Uie area of the tube. Since F<r is constant throughout 
the tube, ît follo^s that the magnetic induction throughout 
tbe tube most be constant. It is easy to aee that the mag- 
netic induction on opposite sides of the surface bounding 
tvo différent média A, B is the aame. For let F^ be the 
force measured in air in the médium A and F^ that in 
the médium S, at a point indefinitely near the first point, 
and suppose F„ F^ both measured from the surface. The 
density ot-magnetic séparation will be in .^, k„F,, and in 
B, kJF^ ; and Ûierefore the density of free magnetizatton is 
It^F + k^i= p. But by Art. 46 the différence in the measure 
of force at two pointa on opposite sides of a distribution of 
density p is inrp = 47r {k,F + k^^, and the change in tbe 
force measured ia by supposition — {F^+F^ ; and ^erefore 
J*. + j; + 47r {kj-^ + fc^,) = 0, 
or (1 + 47rfc,) F^ + {1 + éTriJ i*, = 0. 
or /*,F, + fi^,= 0, 

where /i, /i, are the coeEScients of magnetic induction in the 
two média. 

Hence we see that through any tube of force the mag- 
netic induction is unaltered, and also that it is unaltered in 
passing through a free magnetization which séparâtes two 
aiflêrent média. 

It is remarkable that altering magnetic induction into 
electrical conduction, thèse are the same laws which déter- 
mine the conduction of electricity through any médium, as 
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the formulse proved above for magnetic induction throngh 
any médium or through the surface separating two média 
are identical with those for electrical conduction, in Art, 202. 
Hence to every problem in magnetic induction corresponds 
one in electrical conduction and vice versa. 

216. It is assumed in the above explanation tbat air and 
ail otber média possess magnetic properties, and »ince our ex- 
périmenta are ail performed in air or some other médium, 
tlie magnetic actions we observe are due, not to the nmgnets 
alone, but to the différence in behaviour towards magnetic 
force of the magnets and the médium whicb surrounds them. 
In this waj eau be explained the anomalous action of dia- 
magnetics spoken of above, for if the induction called ont by 
magnetic force, at say the nominally north end of a bar, be 
less than that of opposite name called out in the médium in 
contact with it, the résultant free raagnetism at the north 
end of the bar will be south polar, and the bar will appear to 
bave its magnetism reversed. We can therefore explain the 
action of every diamagnetic by assuming that it is really 
paramagnetic, but that its coefficient of magnetic induction 
is less than that of the médium in wbicb it is placed. 

217. We give some cases of magnetîzation worth spécial 
notice. 

Frop. I. To investigate the potential at anr point of a 
Btraight tUn cylindiical bax placed in a nniform magnetic £eld 
vitb its lengtli parallel to the lines of force. 

In this case the whole bar ia a tube of force, and the 
intensity of magnetic séparation is the same everywhere alon^ 
it. We may conceive it made up of rows of molécules in 
which the magnetic séparation is represented thus : ' 

Vie. 73. ; 
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The potentîal at an exteroal point U represented by 

^/J Lj.J_ ±xJl_ 1 . M 

WA OB'^OB OC^OO OD'^ ~OPJ' 

where m is the amouDt of âuid separated ia each molécule. 
Hence the potential of this row of molécules is 

The same will be tme for ail the rows of molécules, and 
we hare for the potential of the bar on any extemal point 

If the bar be long and very thîn, r,, r, will be sensibly 
constant over the respective ends, and we hâve 

r-Ma-l], 

vfhere M is the strength of the pôle. 

This dîatribution of mc^etism is approached practically 
m the bar magaet. In ail bar magnets there is a certain 
email force at a distance -from the pôles which is traceable to 
the ^lliug o£F in strength of tbe magnetic séparation in the 
molécules as we go towards the ends. 

Cor. If a solenoïdal magnet be bent round so that it 
fonus any closed curve, tbe potential on any extemal point 

vanishes ; for tben we hâve r, = r„ and the expression above 



218. Prop. IL To fisd the potential at any extemal point of 
a thin magnetic shell in wMch tbe magnetizatlon la emrwhere 
Qonn^ to lt« surface. This is called a lamdlar distribution of 



Such a sbell may be conceived as made up of an infinité 
nomber of thin short minets, placed side by side. Let tbe 
figure represent such an élément, AB being the normal, 
(F the area of each pôle, A being the north and B the south 
pôle of the small magnet. Let be the extemal point, at 
vhich we will suppose a quantity of magnetism m. 



Joiu OA and OB, and draw 
j4Jf perpendicular to OS. Alao 
describe a cône whose vertex ia 
and base A, and conceive two 
sections of this cône, oae P by 
a sphère of radius imity, and the other Q* bj a sphère ol 
radius OA. 

Let tbe density of the magnetic fluid on A and Bhe ± p, 
the strength of each pôle of Uie elementaiy magnet AB will 
then be + p<r. 

The potential of the shell on the magnetic pôle at O will 
then be 

/ 1 1 \ OB- OA BN^ 

'^f^[ôl~m) = '"'^OA. OB^^'P^âP 
_ mpcr . AB C08 e 
ÔÂ' ' 
vhere e îs the ongle ABO. 

To find the potential of the shell at O, the magnet pôle 
must be assumed unity, and the potential at O becomea 
pAB . (T C08 e 
OA* 
Now since the area <r is perpendicular to AB, and the 
area Q to OA, the angle between <r and Q must be e, ajid Q 
may be regarded as the orthogonal projection of <r. 
Hence Q = <r cos e, 

.*. the potential becomes 

p . AB X area Q 

ôÂ' ■ 

Again by sîmîlar figures, 

areaQ : areaP :: OQ^ : OF* 
::OA':l, 
since P is on a sphère of radius unity. 

Hence the potential on ^ = pAB x area P. 
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The area P is the projection by a coûe of the edge of the 
elementary shell on & sphère of unit radius, and this may be 
defined as the spherical measure of the aolid angle subtended 
at O by the shell -élément. We will dénote this solid ai^le by 
a>. If the product p . AB is constant over the whole shell, 
of which ABisaa élément, the ahell is said to be a simple 
ma^etic shell, and this product ia deâned to be its slrenglb. 
We shall dénote it by the symbol j. The potential of the 
whole shell may then be written Ejw, or if the magnetic shell 
be simple, this reduces to jXat, and the solid angles sub- 
tended by the éléments can be simply added, and wilt give 
on summatioD the solid angle subtended by the whole shelL 

Hence the potential of a simple magnetic shell of strength 
j on an extemal point will be ±^'fl, where 3 is the strength 
of the shell, ïi -the aolid angle subtended by its edge, the 
positive sign being given when faces the positive surface 
of tbe shell. 

219. Frop. in. To find tbe potential of a macnatic fi«ld on a 
giTen simple magnetic sltell placed aa^wliere In It. 
The expression (Art 218) 

A-D *" 

glves the potential of a quantity of magnetiam m placed at 
OD the élément AB of the sbell, 

The &ctor jrji is the ibrce at A due to a pôle m placed 

at O, and jr^ cos e is this same force resolved aJong AB, tbe 
normal to the ehelL 



area passing through the shell-element : and jr-ji cos e . a 

is the absolute number of Unes of force due to m which paas 
through the shell-element. 

Now any distribution of magnettsm may be represented as 
a distribution of magnetic pôles, and the above proposition be 



applied. The potential of aoy magnetic distribution becomes 



and each term in the summation dénotes the number of Unes 
of force per unit area due to that élément of the distribution, 
and tberefore 



will be the number of linea of force due to tlie whole distri- 
bution, wbicb pass througli the élément of the shell. If we 
call this number n, the potential of any magnetic distribution 
on AB may be represented by p.AB.n, 

If the shell be a simple shell, p.AB=j a constant, and 
the potential of any maenetic distribution od the magnetic 
shell ia equal to jSji =jA, where N is the whole number of 
linea of force due to the given sjstera intercepted by the shell. 

Giving tbe direction of the lines of magnetic force their ' 
proper signs (Art. 208) we aee that in the figure the lines of 
force pasa from the positive to the négative side of the shell, 
and converaely if they paaa from the négative to the positive 
side the potential of the field on the shell wouJd hâve been 
négative, Hence generally the potential of any magnetic 
System on a simple magnetic shell ia measured by ±jN whGTç 
j is the strengtn of the shell, N the number of lines of force 
due to the giveu system enclosed by its edge, the plus sign 
being used when the linea of force pass from the positive to 
the négative side of the sheU. This potential when positive 
of course measures the work which would be done in bringing 
up the ma^etic shell from an inlinite distance to the given 
position in tbe tield, and when négative tbe amount of work 
which would be done by the shell if allowed to pass by 
frictiouless coustraint from an infinité distance to the given 
position {see Art 41). 

The foregoîng proposition might be treated as a particular 
case of this, since the solid angle there defined is clearly the 
number of linea of force from a unit pôle which wonid be 
intercepted by the sbelL 



220. The foîlowing six Articlea, 221—226, which maybe 
treated as corollariea to propoaitiona II. and IIL proved above, 
are of great importance, 

221. In estimating the potential of any m^uetic sliell 
on a point, we must remember that if some of the ele- 
mentary cônes eut the shell twice, the potentials of thèse 
éléments will be equal and of opposite eign, and may therefore 
be neglected in the gênerai summation. It ig évident, on 
inspecting the figure, that ia this case we hâve only to take 
account of the free edge, whïch will hère be an internai edg& 




222. The potential of a closed shell on any internai point 
equals + inj, and on any extemal point vanishes. 

The sum of ail the solid angles subtended hy éléments of 
the shell at any internai point will clearly be the whole 
spUere, and this solid angle ia measured by 4nr, hence the 
potential is + i-nj. For any extemal point we notice that ail 
the elementary cônes eut the shell twice, and the whole 
potential therefore vanishes. 

22-S. In the case of a shell in the form of a plane lamina 
the potential anywhere on the positive side ïs 2ir/, and on the 
négative side — 2irj, for the solid angle subtended by a plane 
at any point on the plane is clearly a hémisphère, We see 
aUo that the work done in bringing a unit pôle frôm the 
négative round to the positive side of the shell is iirj, and is 
indepeudent of the path taken. 

224. The potential of the plane lamina at any point in 
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the plane of the shell outside the shell is zéro. The Solîd 
angle subtended by tbe ehell clearly in thia case vanishes. 

225. Since the potential measures the work done on 
a (mit pôle, we see generally that if a magnetic pôle ol 
strengfth m be moved in tbe âeld of a given ahell from 
a position in which the solid angle subt^ded is H to a 
position in which ît becomes H, tbe %ork done will be 
measured by 

If fî, be les3 than Ù tbe work done is négative, or the 
pôle can do work during the movement. 

More generally if a magnetic shell be mored about in 
the mi^etic âeld from a position itt which the number 
of iines of force enclosed ia .?^, to another in which the 
number of Unes becomes N^, the work done in the move- 
ment is 

hère alao the work done is négative if JV^ < N^, or the force 
acting on the shell kelps the motion. 

226. It appears from the last resuit that a magnetic 
shell free to move about in a magnetic field will place itself 
in a position where its potential is as low as possible, or in 
the position which includes the greatest number of négative 
Iines of force. 

227. Prop. 17. To flod ti» itrouitli of lléld, naolvsd petpan- 
dlcnlar to Iba plane, ai any nniform thin pUte of attracting mattor, 

Ijet AB he the trace on the plane of th© paper of the 
plate, and P a point in it round which an élément ab of tbe 
plate is taken. Let be the attracted particle (at which we 
assume unit mass), ON, tbe perpendicular on the plane of 
the plate, and let OPN' be the plane of the paper, Let a'b' 
be the projection oî ah on a plane perpendicular to OP. 

The attraction of the élément a& on 



■where c is the area and p the density of AS, ,, 
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e component aloug ON 

(XTCOSPON 




Bat Bince ON is perpendicular to ab, and OP to a'b', the 
aogle PON=^ei angle between ab and o'6'. Hence 

trcos pondit', the area ota'b'. 
Hence component along ON 



But (Alt. 218) Yypi is tîie ^rea eut o£F a unit aphere whose 

centre is by a cône tphich bas for its vertes and ai for 
its base, or tbe spberical measure of tbe solid angle subtended 
by ah. If tbia be denoted by a> tbe attraction along ON of 
the élément ai ia pa>. 

Tbe same will be tnie for each élément of AB, and we 
shall bave for the wbole attraction along ON, 

tptâ !■ pXm, aince the plate is uniform, 

where O is tbe ^berlcal measure of the solid angle subtended 
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by AB. It is obvious that Art 36 ia only a particular case 
of thîs geoeral proposition. 

Cor. This proposition can be at once applied to every 
cylindrical bar magaet, since it consiste only of a distribution 
of magnetîsm of density + p over one end and— p over tbe 
otber. Hence if fl , fl, be tbe solid angles subtended at any 
point by ita ends, tbe strengtb of tbe magnetic field parallel 
to its lengtb will be p {£ï, ± A,), plus if tbe attracted purticle 
lie between tbe planes formed by tbe ends produced and 
mimis if outside thèse planes. 

228. Eixpffriment 7. A small closed voltaic circuit 
placed in tbe magnetic field is acted on by forces propor- 
tional to the forces wbicb would be experienced by a tbin 
magnetic sbell whose edge coïncides witb tbe circuit, the 
strengtb of tbe current bearing a certain proportion to the 
strengtb of tbe sbell, the direction of tbe current being 
such tbat an observer looking down on tbe nortb side 
of tbe sbell sees the current foUowing a direction opposite 
to tbe bands of a watcb. 

229. This expérimental law can be extended to a 
voltaic circuit of any size and shape whatever. For «Hi- 
ceive tbe voltaic circuit filled up by a surface, and tbis 




surface divided into a number of closed curves by bues 
outting eacb otber at rîgbt angles, wbose distances are 
small oompared witb the curvature of tbe surface. Conceive 
cuiTents of tbe same strengtb to cîrculate round eadi ol 
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thèse dosed curves, as shown in the figure, ail in the same 
direction. 

Each cloaed curve may be regarded aa a plane circuit, 
and for it by the above ezperimeut may be substituted 
a small magnetic shell whoae strength ia in a certain ratio 
to the current-strength, and eimilarly for ail the other 
elemeotary circuits; and the magnetic shell-elements sub- 
stituted for each will ail hâve the same strength. 

But thèse shell-elements will make up a simple magoetic 
shell whose edge coiDcides vith the original closed circuit. 

Again, in the figure it is évident that along each side 
of the elementary closed circuit will be two currents of 
equal strength in opposite directions, which will therefore 
neutralise each other; the only paria not neutralized in 
this way being the éléments vhich compose the original 
voltaic circuit. 

Hence we see that aa far as actions in the mag- 
netic field are concemed ws may substitnte for any voltaic 
circuit a magnetic shell whose edge coincides with tlie 
circuit carrying the cuirent, and whose strength bears a 
certain ratio to the current strength, 

230. We may define the positive direction of the 
cuirent in the circuit in the following way: 

Def. DibectioN of Cueeent, Tke positive direction 
of the current is related to the positive direction of tke Unes 
of force in the same way as tke direction of rotation to tkat 
of propvlaion in a right-hanâed screm. 

This direction can be conveniently remembered by the 
twist in the muscles of the wriat in drivîng in a corkscrew. 
The opposite direction will be referred to as a left-handed 
screw, and the set of directions indicated above will be 
referred to as rigkt- and left-handed cyclical order. 

231. The exi>erimeEt and déductions given above forra 
the basia of the science of Electro-Magnetism. 

It is usual hère so to change our Electroatatic unïts that 
the circuit carrying a unit current, and a unit magnetic 
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sbell, shall be îdentical io tbeir electromagnetic actions. 
Oiir former imita of electromotive force, résistance, &a 
will ail hâve to be altered; but ve shall assume at présent 
tbat they are altered îq sucfa pn^rtion that Ohm's formula 
remains uncbanged, as aiso tbe formula Sx eoergy expended 
iu the circuit. 

The relations of the varîous nnîts in the electrostatïc 
and electromagnetic Systems to each other ve shall indicate 
in the next ehapter. 

232. We hâve now shown that the forces acting- on a 
magoetic shell and on a voltaic circuit cuinciding with 
its edge are identîcal, and since thèse forces are, in the case 
of the sbell, derived from a magnetic potential, we shall 
assume that an ideutical electromagnetic potential exists 
from which the forces actiog on the Yoltaic circuit are 
derived. 

Before doing so, we must notice that the positive direc- 
tion of a line of force passes from the positive to the négative 
side of a magnetic shell plaeed in the field (Art. 219), wbile 
the current in tbe équivalent circuit is left-handed or néga- 
tive (Arts. 228 and 230). We must remember therefore in 
applying propositions proved for magnetic shells to voltaic 
circuits, that wotk doue will be represented by potential with 
sign changed. 

233. To keep thLs clearly before the student, we place 
bere the conventions made and the propertîes proved for 
a magnetic sbell, while in a parallel column we place the 
conventions made and propertiea deduced for a voltaic 
circuit. 

Magnetisic. 

Def. The positive direction 
of a line of Taagnetàe fores i» 
the direction in which a north 
pôle plaeed on it tends to move. 
Art. 208. 

Def. T^s potential of a Def. The polentiat <^ a 

magnetic shell' is potitive when voltaic circuit M positive u^en 
Unes o/Jôrce poss Jrom positive the Unee oj" force and direelitm 
to négative laa^netiam. Art. t^ cwrrenf are related in righi- 
219- handedcyeUcaiorder. Art 330. 



Prop. L Tbe potentûl on a. 
aa^etic shell la a macnetic 
flèlâ is measnied b; ths pro- 
dnct of its atrraiftfa Into the 
umnbflr of Unes of magnetic 
force connted algvbraicaUr It 
encloses. Art. 2ia 

Prop. n. The nmnetical 
T&lne of the potanUal of a 
nugnetic àbdl at a point is 
eqnal to the strengtli of the 
abéll mnltiplied bj the solid 
angle sabtended at the peint 
IVîtsedge. Art. 218. 

Prop. HL The potentlal 
<J a plane magnetlc ahell of 
Hiieii£Ui j is on one sida 2irj 
and on the opposite — 2*rj, the 
différence 4n-j representlng the 
Work done in brlnging a nnlt 
pôle round the edge trom the 
DesatlTo to the posittre Bide. 
Art. 223. 
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Experiment. The magnetic 
ahell and voltaic circuit are 
équivalent wheu tfae Unes of 
force and direction of current 
are in lef t-handed cjclical order. 

Déduction. The algebraical 
wgna of the potential of a ahell 
and ita équivalent voltaio cir- 
cuit will be oppoate. 

Prop, L The potential on a 
roltaic drcnit In a magnetic 
fleld ÎB measnred by the piodnct 
'Wlth sign changea of the cnr- 
rent-strength into the number 
of lines of magnetic force 
connted algebraically enclosed 
by the circoit. 

Prop. n. The nnmerical 
vaine of the potential of a roi- 
talc circuit at a point is eqnal to 
the prodnct with sign changed 
of the cnrrent-strength mnlti- 
plied by the solid angle sab- 
tended at the point by the cir- 
cnit, 

Prop. m. The potential of a 
^ane Toltalc circuit, canying 
a durent of strength i, is on 
one slde 2iti and on the other 
— 2irl, the différence 4fri repre- 
senting the vatk done on a 
nnit pôle in bringing it round 
outiide the circuit &om the né- 
gative to the positive side. 

Cor. Since ia the case of 
a voltaic circuit the work done 
in pasaing just through the 
plane of the circuit muât be 
zéro, we conclude that the po- 
tential of this plane muBt be 
* 2iV, and that in measuring 
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Prop. IV. The voit: done 
cm a unit pôle in cairrûig 
it trom a point A when tlie 
potential of a shell le jQi to a 
point B where tbe potential îs 
jOjifl 

jCOj-o,). 
Art. 225. 



Prop. V. The work doue on 
a Bliell placed in a mognetic 
field, and moved £rom a posi- 
tion in wliicli N] Unes of force 
întersQct it to a position in 
whicli Nj Unes of force inter- 
aect it, iB 

Art. 225. 

Prop. VI. If Na<Nt tho 
work done la negatire, or the 
shell ac<iiilres kinetic energy 
owing to tbe ma^etic forces 
helplngtlisniOTemËnt. Art. 225. 

Prop. VU. A magnetic shell 
capable of movement in the 
magnetic fleld places Itself Bo 
aa to înclnde the smallest pos- 



ËLECIBO-M AGNXT I su. 

the difTareoce of potential for 
ail other places we must re- 
meraber that it will be ivi, 
greater or less accordîng as the 
path pursued passes through the 
circuit or round outside it. 

Prop. IV. The work done on 
a unit pôle in Ininginc it ârom 
a point A at vhich the poten- 
tdal of a TDltaic circnit is iOi 
to a point B at which the po- 
tential is io, is 

-1(0,-0,), 

ftBflnmlng the path pnrsaed not 
to go throngh the circnit. If 
the path paas throngh the or- 
cnit it is represented by 
i( + 4)r-Oi-f-Û0, 
the - or + heing taken ac- 
cording as the path throngh tiie 
ciicnit is positive or negatire 
relatively to the Unes of force. 
Prop. V. The work on a vol- 
talc circnit placed in the mag- 
netic field, and moved &oin a 
place in which N, Unes of fores 
intersect it to a position In 
which Nj lines of force inter- 
sect it, is 

-i(N,-Ni). . 

Prop. VI. IfSj^NithewoA 
done is négative, that Is tka 
circuit ac<inires kinetic energï 
owing to tiie electromagnetic 
forces assisting the moveniest 

Prop. Vn. A voltaic circuit 
ftee to move places itself in 
the fleld se as to înclnde Ui* 
greatest po^ble nnmher ot 
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Maqketibv. ëlbctbo-Maoketisii. 

dUe nnmber of linss of force, Unes of force. That la, it wlll 

or, That ia ths Bame thlng, tlie place Itoelf lu tlie strongest 

(Futest poBSible nnmber of ne- part of the fleld In abcb a poai- 

latiTe lines of force. Art 226. tlon that tbe Unes of foice are 

as nearl; as may be perpen- 

dicnlar to it, the cturent being 

related to the direction of the 

lines of fince In right-handed 

eycUcal order. 

234. Sïnce the potential at a poiat dépends on tbe solid 

angle eubtended by the circuit, we see that the surfaces over 

vMch the potential ÎB constant will emanate from the circuit 

and will form bowl-shaped surfaces having the circuit for 

their edge. A System of equipotential surfaces would be a 

f^stem of such uuclosed surfaces intersecting each other at 

finite tuiles in the given circuit. 

In assigning numerical values to the surfaces, we must 
remember that the potential represents the work done 
in canying a unit pôle from the surface to an infinité 
distance, and thia will dépend on whether the path pursued 
passes through the circuit or round its edge, and if it passes 
through the circuit, on how raany times it passes through 
the circuit always in the same direction. Hence we cannot 
Bsàga a âxed value to a given equipotential surface, but 
a s^es of values diffeiing by 4m. The work done on a 
mût pôle in bringing it from a sur&ce whose potential is V^ 
to another whose potential is F, is 

± 4nmi + V^- F,, 
■whae n ia the number of tïmes the path pursued passes 
through the circuit in the same direction ; if that direction 
be with the lines of force we preâz the — sign, and if against 
them the + sign. 

Tbe path of the pôle which in the last paragraph passed 
through the circuit n times without retuming, may oe said 
convenîently to be linked n times with the circuit. 

The lines of force eut ail equipotential surf'aces at 
ri^t angles, and will therefore be a system of oval ciures 
mth the conducting wire passing through them. In con- 
a E. 1 " 
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fonnity wîth the convention just made we may sajr that 
the lines of force are linked with the circuit, and the cir- 
cuit with any one of its Unes of force maj be conceived as 
two succeBsive links in a commou chain. 

235. We bave already stated that tte current is related 
to the Unes of force in right-handed cyclical order. If we now 
conceive the line of force as a closed curve and the circuit as a 
direction cutting through it, the positive direction of the line 
of force will be related to that of the current in rigbt-handed 
cnrdicat order. Hence both the Unes of force are related to 
tne current and the current to the lines of force in righi^ 
handed cyclical order. 

Thia rule is clearly équivalent to that usually given, 
that a figure swimming in the current which entera by 
its heels and leavea by its head, and looking towards the 
mf^et, sees the north pôle driven to its left. 

If the pôle be fixed, and the current free to move, it 
is clear that the current will be driven round a north 
pôle, 80 that the ôgure in the current looking towards the 
pôle ia alwaya moved towarda ita right hand. A convenient 
rule for remembering this direction, often useful in practice, 
is that a figure smmmivp in the current, looking along the 
Ivnea of force, will, ivith the conditctor, be carried toviards its 
left. 

236. Frop. Vlll. In Computing the potentlal on any cloeed 
circuit is a magnetic fiald we may sabstitnte for it any closed 
circnlt which is obtalned Iqt inrojecting tlis given circnit bymuna 
of lines of force. 

For since lines of force never interaect except at a 
m^netic pôle we cannot by this means alter the number 
of Unes of force enclosed. 

Cor. 1. In any movement of a conductor the chai^ 
in potential produced by the movement of any part of tbe 
closed circuit parallel to lines of force, or parallel to planes 
containing the lines of force in that part of tbe field, ia nil. 

Cor. 2. For any sinuous conductor a straight one may 
bè substituted. 

It is clear that a straight line can alwaya be drawn 
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f tkougli any sinaous Une such that the number ,of Unes 
' of force omitted may be jast connterbalaDceil by tbe Dumber 
I of extra lînes of force included ou substituting tbe stra^ht 
for tbe rânuous current 



237. Frop. IZ. If two drcnlts more or lass parallel to each 
other carry cnrrents in tlie same direcUoa ther attract each 
other, and If the cnrrents be in opposite directions ttaj repel 
eadi other. 

Let ^ be a portion of a conductor canyiog a current, 
and let the plane of the reat of the circuit be more or lésa 
perpendicular to tbe paper. Then it is clear (Art, 236) 
that the Unes of force are a System of oval curves, rising 
from the paper to the left of A, and sinking into it to the 
right of A. If B be a parallel conductor carrying a current 
io the same direction, the lines of force enclosed by B, and 
un which the potential of B dépends, wiU be ail those wbich 
&I1 to the right of B, and remembering the rule we see that 
B*s current is positive to theae linea of force. 



The eiectromt^netic action in the field will therefore 
(Art. 233, Prop. VII.) tend to place 5 so as to enclose more 
lineB of force, that is, will draw B towards A. If the cuiTent 
m £ be opposite to that in A, Bs current will be négative 
*« the lines of force, and the electromagnetic force will be 
therefore répulsive. 

COB. 1. If there be two attaight wires paiallel to each 
other carrying curreuts they will, if the currents be in 
the same direction, attract, and if in opposite directions, 
repel each other, 

16— 
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Cor. 2. If the two wires in the laat coroUary be îucUtied 
to each other and the currents both run into or out of the 
corner mode by the wires, they will attract each other, but 
if one ruD iato, aod the other out of the corner, they wilt 
repel each other. 

Let XOX' and BAB' be the two conductors, OA being 
Fig. 79. 



perpeudicular to both. Let OF be at light angles to OX 
la. a plane parallel to BAB. 

The lines of force due to XOX' will clearly be (neglect- 
ing its eads) a System of cin:les in planes perpendicular 
to it. 

Let PQ be an élément of BAB', and let it be projected 
into the bent line PMMQ in which PM is parallel to OX, 
MR to OY, and RQ to OA. The parts QR. RM will be 
parallel to the plane coutaîning the lines of force. Henee 
moving the conductor parallel to itself, we hâve only to 
consider the change in potential due to the moTement of 
PM. If the currents in XOX' and BAB' both run into or 
out of the corner. Pif and OX will be parallel currents in the 
same direction, and will attract each other. If one run into 
and the other out of the corner, the currents in PM and 
OX will be opposite, and they will therefore repel each 
other. 

238. Prop. Z. If we hâve in a magnetic fleld two Toltaic 
circuits A and B the nnmber of A's lines of fcoce whicli B 
endoses will be etinal to the nnmber of B's lines of force vhidi A 
oncloBOB, when tho current-strength in each is nni^. 

Thia proposition might hâve been at once inferred from 
the genenil principle of mutual potential in anv two système 
(Art. 41). 
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Let If^ be the number of Unes of force due to A 
«nclosed bj B, auii N the number due to B enclosed by A, 
aad let i^ and t, be tue curreQt-strengtha in A, B respec- 
tiïely. 

The vork doue in canTÎug B out of A's âeld of force 
will then be NJ^. 

The work done in carrying ^ so as to hold the aame 
position in space relative to B will be — -^»,. 

Hence we see that an amount of work N^i^ — A^î, woiUd 
be ezpended in canying a magnetic System agâiiifit no 
extemal magnetic forces irom one place to auother, and this 
mnst vanish. Hence 






But since poteutîal and cousequently force at any point 
in the field of a voltaic circuit is, by Prop. II., proportional 
to ciirrentr-strength, we may make Â", = M,t, , and iv, = Mji^ ; 
we see then that 

or if. = jM;. 

But Jf, and M. will be the number of lines of force 
enclosed respectively by A aud B when there is uuit cur- 
rent in each. Hence the propodtion. 

Def. Coefficient of Mutual Inductiom. Tke quan- 
tité M in the preceding proposition wkich gives the numier of 
Mlles of force due to one of two circuits (each carrying unit 
«urrent) enclosed hy the other is defined to he the coeffi/nent of 
mvtual inditction bet/ween tkem. 

If 3f be the coefficient of mutual induction between two 
circuits carrying currents i, and î^ the potential of each due 
to the othei's magnetic field will be Jtft'i^. If the t^o circuits 
be free to move in the field, they will clearly place tbem- 
selres in such a position that M shall be as large as possible; 
this will be when the two circuits are as nearly as possible 
m the aame plane and cany parallel currents. 

239. Prop. XL To flnd au expression tm tàe wtaole enerey 
ûi a drcoit canying a current. 

That a voltaic current is a source of energy we bave 
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already seen, and when the circuit is separated (roui ail 
other circuits îts energy must clearly be kinetic. Whetber 
thia energy be that of moving electricity or of the movement 
of the couductor carryiiig the electricity, or of both combîned, 
we cannot hère enquire. In eitber case the analogy of the 
vis viva or kinetic energy of moving material bodies would 
lead UB to conclude that it dépends on the square of the 
current-strength. We see also that the potential energy of 
two circuits carrying currenta dépends on the geometry of 
the circuits and on the product of their current-streDgtbs, 
and since ail forms of energy must be of the same order, we 
may infer that the energy of a given circuit will be repre- 
sented by a certain coefficient depending on the geometry of 
the circuit raultiplied hy the square of the current-strength. 

In a given case let uà call the coefficient L,. and the 
current-strength i, the energy of the circuit will theu 
beXt". 

Place anotber conductor in ail respects similar to the 
former, so as to coïncide with it, and (et it carry the same 
current in the same direction. 

The energy of this system will clearly be represented 
l^ i(2t)' = 4Zî*, since the geometry is unaltered and the 
current doubled. 

If the conductors be separated so as to be carried out 
of each other's field, their whole energy is reduced to the 
sum of their separate énergies, or 2X1". 

Hence the work done in separating them is the différ- 
ence, or 2ii'. 

But by the previous Proposition, the work done in sepa- 
rating them is equal to the number of lines of force due to 
one enclosed by the other. When the circuits coïncide each 
one encloses ail the lïnea of force due to the other. 

Let the quantity denoted by M, when the circuits 
coïncide, be represented by if„. This symbol then représenta 
the wbole number of lines of force embraced by the circuit 
carrying unit current. Hence the work done in séparation 
isJÎf/; 

■^=1^"- r- T 
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Def. Coefficient of Self-induction. L m defined 
tohe the coefficieîit of sdf'inducbion of a circuit, and is eqaal 
U> half the number of Unes of farce embraced by the circuit, 
whenremovedjrom aZl other circuits and carrying unit curreat. 

Cor. If there be two circuite carrTÏi^ currents, and if 
L,Nhe their coefficients of self-induction, and M the coef- 
ficient of mutual induction, the whole energy of the âeld 
wben the current-strengths are t,, i^ is given by the ex- 
pression 

Li,' ± Mi^i,+ Ni*, 
the positive or négative signs being given to the nûddle 
tenu as the lines of force from one circuit pass in the 
positive or négative direction through the other. 

240, Having obtained the foregoing expression for the 
eneigy of a voltaic circuit carrying a current, we get the 
idea of inertia to be overcome in establishing the current 
at firet, or making any altération in it when once establisbed. 
Ou applying an electrotnotive force to a circuit, part of the 
eneigy of the battety is used up in overcomiug the résist- 
ance or in heating the circuit, while the remainder goes to 
increase its kinetic energy or to, do work extomal to the 
circuit. 

This can be ezpressed by equatii^ the energy taken &om 
the battery in "any given short interval to the sum of the 
beat developed, the increase in kinetic energy and tbe ex- 
temal work. 

If jE^ be the electromotive force of battery, and i the cur- 
rent-strengtb the enei^ subtracted in a given tirae T = EiT. 

If iî be the extemal résistance tbe energy expended in 
heat = ^t*T. 

If i^ be the coefficient of self-induction and if *" be the 
current-strei^th at the end of a time t, the riae of intrinsic 
eneigy = i(?S-»^ 

If IT be the rate of working of any extemal machine the 
amonnt of energy expended in working it= Wr. Hence we 
hâve the genâral équation 

Eh- = R^T + L (i" - ^) + Wt. Coo>ilc 
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241. Pnp. Xn. To calcoUte the law of establishment of the 
cnrrent in a condnctor vben an electromotire force îb applied to it. 

This will be a particular case of the preceding article 
where the extemal work vaniahes. Hence we hâve 
Mr = B'i^T + L{'r— t'y 
= fltV + 2it (»'-."); 

.-. ET = SiT + 2L{i'-i) (1), 

which may be written 



(!-') 



fi V--R^' ''■ 
Let -^ - 1 = y, and -g - » = jr ; 

.■. »-»■ = - Cy' - y) ; 
— -^(iog/-iogy). 

which ia a form suitable for direct aummation. Eemembering 
s 0, we bave after time t, . 



= -f{,..(|-.)-.o.|, 



B~' -î.t 
ori-j-=tu. ; 

The ratio ^ is generally so large that the riae in atrength 
of the current takes place with auch rapidity that we cannot 
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j observe it. Id marine telegraphy, where the coefflcieat of 
self-induction is large and complicated by the Leyden-jar 

~ — 
action of the insulatii^ slieath, the tenu e '^' leada practi- 
çally to a leiigtheQing out of the signal, so that a sharp ûgnal 
transmitted to the wire by closing the circuit for au instant 
shows in a galvanometer at the otber end a graduai rising 
and falling agun of the current. 

242. We may compare tbe establishment of a Bteady 
current in a conductor to the establishment of steady motion 
in a steam-engine. When the locomotive is moving along 
steadily the whole work done by the steam on the piston 
13 used up in friction on the rails and in the machine. 
When the engine is quickening its pace the work done hy 
tbe steam is greater than that used up in friction, and the 
différence goes to increase the kinetic enei^ of the System, 
and vice versa when the engine is pullîng up. 

So with electricity in motion. When steady Ohm's law 
expresses the fact that the energygiven out by the battery is 
converted into beat in the circuit. When however the current 
ifl încreasing the energy given out by the battery is more 
than that uaed up in the circuit, and the remainder goes 
to increase its kinetic enei^i and vice versa when the 
current is ceasing. In practice the current becomea steady 
so rapidly that we only observe the indirect effect of the 
încreasing energy in the extra spark. 

243. We hâve seen that every voltaic circuit possesaes an 
electromagnetic fîeM, and in this âeld exerts attractions and 
repulsions upon magnetic pôles or other voltaic circuits. If 
in obédience to thèse attractions and repulsions movements 
take place, the law of conservation of enei^ shows us that 
the work done by the circuit must be done in some way 
at the expense of the energy in the circuit. This energy 
we hâve just seen to be kinetic, depending on the geometey 
of the circuit and the current-strength. 

The only way therefore in which energy can be abtitracted 
from or added to the circuit is by a diminution or increase of 
current-strength. The diminution of current-strength will 
last just long enough to compensate for the work done, 
and the steady current will be established again. Thèse 
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variations of current-strength in the circuit whîle work 
is being done in the electromagnetic field are known as 
induced currents. Since the induced cuirent îa alwaja a 
compensation for the eaeray expended or gained in the 
^eli, it is clear tbat acting cJone it would oppose the move- 
ment, or its direction will always be soch that by îts electro- 
magnetic effect it would oppose the movement taking place 
in tue field. Tbis îs known as Lenz's Law. 

From Lenz's law combined with tbe law stated in 
Art 235, we bave the ruie for the direction of an induced 
current in a moving conductor, that a figure in the conductor 
looking along the Unes of fvrce and moved towards Ma left 
witk the conductor' vHU expérience an induced currejU which 
eiUers hy his head and hâves by his keels, 

241. Frop. znL To calculate the Induced cuireut prodnced 
b7 tlie movement of any conductor In a magnetic field. 

If tbe number of Unes of force eut through at the b^n- 
ning of the movement be N, and at tbe end N', the eaergy 
acquired by the movement is (N" — N) i. 
Hence (Art. 240), 

Mt = Rt^T + (N'-N)i, 
or 3r = EiT + (N' - If). 
Let t, dénote the steady current, then E = Ei^. Hence 

R(i-i^)T = -(N'-N). 
But i — *, is the induced current-strength and {i — ijr 
is tbe quantity of etectricity transmitted during the time r. 
Adding for ail the short intervais of tbe movement. 

But S {i — ij) T is the quantity of electricity transmitted 
during the whole movement and may be denoted by [t). l 
This is often called the total induced current. 

2 (if' — N) will be simply N^ — N^ when JV is the | 
number of Unes of force enclosed at the end, ana Jï, the : 
number at tbe beginnîitg of the movement; 
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w=- 



R 
Namber of lines of force added 
Résistance of Circuit 



CoE. 1. If the înereaae of liuea of force takes place at 
a unifona rate we ehall hâve a uoiform current wBoae in- 

tensity will be measured by ^^ , wtiere t is the time tbat 
the wbole movemeot lasta. 

CoB. 2. If a- str^gbt conductor forming part of a dosed 
circuit is cairied across lioes of magnetic force, the electro- 
motive force of the induced cuirent is —H.l.v, where H 
is the Qumber of lines of force per unit sxe& or the strength 
of the field perpendicular to tne plane of the conductor's 
motion, î the length of the conductor, aud v the velocity 
with which it moves parallel to itself 
Kg. 80. 



Let AB be the conductor, and let the rest of the circuit 
be completed by thick bars A, C, B whose résistance raay be 
neglected. 

If the conductor move from AB to A'^, and the lines 
of force be peipendicular to the paper, the number of lineu- 
of force added by the movement 

= Hy area ABA'B' = Hy. AA' x l. 
If [t] dénote the total current, 

r'., H X AA' X l 

If the time occupied by the movement is (, the current 
.'_b']^ HxAA'xl 

* ■ ^-^ ' ,',.,...,Gooylc " 
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the direction of this ciurent being as in figiire, if the lines 
of force are upwards. 

But if the cooductor move uniformly from AB to A'£^ 
AA' 
in time t, — = w, the velocity of the motion; 



.-. Ri=-Hvl. 

and Ri = ^; .■.£=- Hvl. 

Cor. 3. From the preceding Cor., we see that the current 
vill be strongest when the cooductor is moved parallel to 
itâelf and perpendicular to the lines of force, the direction 
of the ioduced current being perpendicular to thèse two 

directions. 

Cor. 4. We see also that there mil be an induced current 
duriug the opening or closing of the circuit. 

Ist. Ai closînff the circuit Since L, the coefficient of 
induction, ia half the number of lines of force enclosed by 
a circuit carrying unit current, the whole number added will 
be tLif,, where t, ia the steady current; 
2i . 



■ w=- 



R' 



2nd. At opening the circuit. The number of lines suè- 
iracted -mil be 2Li^, hence 

Srnce *• "^ 5 > W = ^ ' 

and for the average electromotive force in either case 

where t ia the time the current laats. , „^|,„ GchiiîIc 
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This resuit is iuteresting, Edoce we see that b7 reasou of 
the extrême smallneas of t, E" may be many multiplea of E. 
Ilius the iuduced curreDt haviiig very high electromotive 
force is able to break acrosa a finite air-space, giving riae 
to the galvanic spark or extra current, although do cell can 
break directly across an appréciable air-space. Sir W. 
Thomsoa sajs, that 5510 Daniell's cells would be tequired 
to ^ve a spark between two braaa terminais about ^ io. 
apart. 

245. E^tending the analogy pointed out io Art 242 we 
may compare iuduced currents with the phenomeua attend- 
bg the establi^uneot of steady motion in a locomotive and 
trcon. At the first start the engiue bas to overcome the 
inertia of the train behind it, and as a conséquence recelées 
a number of impuJsive jerks backwards just analogous to the 
iuduced négative current at cloaing the circuit, When the 
eogine slackens pace it bas to overcome the energy of the 
moving mass behmd, and accordiugly receives Jerks forwards 
aoalogous to the induced positive current at opening tbe 
circuit 

216. Frop. xrV. The tate of workhi£ of an; electromagnetic 
engiue will be the greatest 3^s8lble wben startlng the englne 
^minishes tho cnrreat in the circuit by ona half, 

Let W be the rate of working of the engine, i the current 
when the engine is Btopped, and i' the current when the 
engine ia working. Then Art. 240, 

Eir = Ri\ when the engine is atrest. 
Ei'r = Ri'^T + Wr when the engine is at work. 
Whence by division 

Ri'-irW = Rii\ 
W^RiH-i"*). 

The right-hand side is a maximum when 



which proves the proposition. D,<,„.«in,Gtx^lle 
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Examples on Cbapter VIIL 

1. Two mf^etlc compassés are placed on a table near 
«ach other; ezplajn how Uiej înâuence each otber's direc- 
tions in ail différent positions. 

2. A common bar m^net is placed on a table and 
a compass needle lies on the table aubject to tbe magnet's 
force ; show by a diagram the positions of the needle in 
■différent positions relatively to the magnet. 

3. Â dipping-needle is free to move in a plane at a 

fiven inclination to the m^netic meridian; show how to 
nd the apparent dip. 

4. Show that if the apparent dip observed in any two 
planes at rigbt angles to each other be S,, B„ then S the 
tnie dip can ne found from the formula 

cot* S = cot* Sj + cot* 8,. 

5. If the dipping-needle move in a plane perpendicular 
to the meridian, show that it will remain vertical. Hence 
show how to détermine the plane of the meridian by ob- 
servations with the dipping-needle only. 

6. If r, r be tbe distances of a point from tbe north and 
south pôle of a magnet respectively, show that for any point on 

a given equipotential surface ; is of constant value. 

7. Find tbe points in wbicb any given equipotentîal 
surface cuta tbe mî^netic axis. 

Ans. If m be the strength of each pôle and a tbe length 
«f tbe axis, tben the sur&ce wbose potential is ~ will eut the 

axia at a distance from tbe north pôle ^ jo + 2c — Ja* + ic*), 
and the axis produced at a distance J [Ja' + éac — a}. 

8. If in tbe preceding question ■^, ^' be the angles 
which r, r* make witb tbe tangent plane to an equipotenti&l 

-18 -fr' 

II. i-.<i",C.(H1HlC 



9. If 0, ^' be the angles which r, r' in the pteceding 

question make with a, line of force, -= — ?. = -s- 
sia q> r 

10. If f , ^ be the angles which r, r make with the 
mi^etic axis produced in one direction, show that along any 
liue of force, cos — cos 0' îs constant. 

11. Let two equal roda iV», Sa tum on pivota about 
points iV, S which are the pôles of a given magnet. Then if 
they be moved so that ns ia alw^s perpendicular to IfS, or 
yS produced, the intersection of JVn, Ss will trace out a 
magnetîc curve. (See Roget's Eleetridty.) 

12. Prove the following construction for obtiùnii^ any 
number of points on a system of magnetic curves: — Divide 
the magnetic axis into any intégral number of parts, and 
set off alone the axis produced any large number of equal 
parts. With centres N, 8 describe two equal circles baving 
for any radii as large multiples of this subdivision as prac- 
ticable, and divide tbeir circumferences by perpendiculars 
drawn to the axis at each subdivision: drâw Unes joining 
N and S to the points of division of thèse circumferences; 
tàe Unes of force will then be curvilinear diagon^s of the 
lozenge-shaped spaces into which the figure is divided. 



13. Sbow that the equipotential surfaces will be closed 
and the Unes of force constantly divergent from eitber pôle 
when the m^^etic system consists of two similar and equal 
pôles at a distance from each other. 

14. Show that the Unes of force for two similar pôles 
will he the other set of curvilinear dii^onals of the lozenge- 
shaped spaces indicated in ques. 12. 

15. Find the form of tbe surface of zéro poteutial for 
any bar magnet, and show that the résultant magnetic force 

for points on it is given by — j , where m is the strength of 

each pôle, l the length, and r the distance of the point from 
tffie pôle. 
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16. A cloBed Toltaic circuit is supported at its centre 
of gravitT but otherwise free. Explain the position assumed 
bj it under the actioo oF the earth's magnetism. 

17. A straight conductor (capable of sliding freely on 
âxed bars aud formiug with them a closed voitaic <nrcuit) 
carries a durent. Explain the directioD of its movement, 

(i) When capable of movlug parallel to itself in the 
horizontal plane and canyiog a current ârom North to 
South. 

(îi) When capable of moviug parallel to itself in the 
horizontal plane and carrying a current from East to 
Weat 

(iii) When capable of moving parallel to itself in 
tbe vertical plane and carrying a current from North to 
South. 

(iv) When capable of moving paraJlel to itself in the 
vertical plane and canying a current from East to West. 

18. A straight conductor carrjring a current is capable 
of rotation round a magnetic pôle. Show in ail cases the 
relation between the sign of the pôle, the direction of the 
current, and the direction of rotation. 

19. Discuss the prevîous question in the case when the 
conductor is at rest and the magnetic pôle free to move. 

20. Show that a straight horizontal conductor placed 
East to West and canying a current will, if exactly balaaced, 
appear to lose or gain weight when the direction of the 
current is reveraed. At what part of the earth will this 
eâect be stroi^est î 

21. A straight conductor carrjîng a current is fixed 
at oue end, and the other rests by help of a cork-âoat in 
contact with mercury. Show that tbe conductor placed any 
where on the earth's surface will rotate, but that ezcept at 
the magnetic pôles of the earth the rate of rotation will vaiy 
in différent pîûtB of ita course. 

22. A long wire carrying a current haa a short straight 
wire alao canying a current perpendicular to it but not cross- 
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ÎDg it. Investigate the dîiectioD of movement (if any) in tbe 
diort conductor for différent directions of the currents. 

23. Investigate the direction of rotation in Barlow's 
vheel for given directions of the Unes of magnetic force and 
of the current. 

24. A bar of soft iron haa a coil of wire round it. Show 
by a diagram the direction of the current induced in the coil, 
(i) when a N. magnetic pôle approaches one end of the bar, 
(ii) when the same pôle is removed. 

25. A bar ma^et is drawn through a hollow coil of 
wire forming a closed circuit and back a^ain. Show the 
'direction, and roughly the variations in strength, of the in- 
duced current during the movemeui 

26. A straight wire forming part of a cloaed conductor 
is placed horizontally and slides parallel to itaelf, (i) from E. 
to W., (ii) from N, to S. Show in each caee the direction of 
the current induced in it. 

27. The same wire ia arranged so that it can move in a, 
vertical plane. Find the direction of the induced current, 
(i) when it rïses vertically in a plane perpendicular to the 
meridian, (ii) whea in the plane of the meridian. 

28. Barlow's wheel (see ques. 23) has the battery re- 
moved but the battery circuit closed and the wheel made 
to rotate by mecliani(^ means. Find the direction of the 
induced current. 

29. A wire in the form of a closed circle rotâtes about 
a vertical axis in its own plane in the direction of the hands 
of a watch; investigate the direction of the induced current 
for différent positions. Show that a small magnet suspended 
at the centre of the rotating coil will hâve its N. pôle de- 
Sected towards the East if the rotation of the coil De with 
the hands of a watch, (See B. A. R^(»is on Electrioal 
Standards.) 

30. A wire parallel<^ram carrying a current is sus- 
pended from Ampère's stand, and allowed to take up its 
position of rest under the action of the earth alone. Explain 
its position of rest. 

C. B. 17 
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31. Show tliat a wîre beiit into the form of the figure 8 
and canying a current, will be astatîc in relatiou to the 
earth. 

32. Â magoet is suspended homoDtally over a diametei 
of a rotating copper dise. Show that the magnet wîll on 
rolating the disk be deflected &oin the mendian in the 
direction of rotation of the disk. 

33. Explaiu the effect of a copper box ou the oscillations 
of a magnet needle suspended within it 

34. A copper strip is drawn hetween the pôles of a 
powesrful horse-shoe magnat, and its opposite edges are con- 
nected hy sprines with galvanometer terminais. Show the 
direction of the induced current. 

35. Show that the induced currents in the copper strip 
will retard the movement across the field. 

36. Explain the diffîculty of drawing a métal sheet 
between the pôles of a powerful electromagnet. 

37. A wire parallélogram is suspended on an Ampère's 
stand, and a circular copper plate rotated below it Show 
the direction of tbe surface currents in the plate, and show 
that the circuit will be deflected, foUowing the direction of 
rotation of the plate. 

38. If the couductor in the last question consist of two 
equal parallelograms with the current nowing as in a âgure 
8, the System will rotate foilowing the rotation of the plate. ! 

39. A métal band of a circular form is made to turn on I 
a vertical axis througb its centre and perpendicular to it» '. 
plane. Two points above each other on the upper and lower 
edge are connected by aprings with the terminais of a gal- 
vanometer. 

(i) A wire carrying a current is placed vertîcally near 
tbe springs; show that there will be an induced current, 
and investigate its direction. 

(ii) Tbe wire is bent into a circle and placed bo as to 
surround tbe upper edge of the band ; investigate the é- 
rootion of the induced current. 
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(iii) Wîll tbere be a current when the bent wire encîr- 
cles Uie baod oear itâ middle? 

(iv) Extend thia to the case of a conducting spbere 
wbîcb tums about a diameter and bas tbe beot wire ^aced 
30 as to embrace ao equatorial plane. Sbow tbat tbere will 
be gwperjicial currents from the pôles to the equator when 
the current and rotation are in the same direction. 

(v) Sbow aiso tbe direction of the superficial currents 
when tbe bent wire is in a meridian of the revolving sphère. 



HihyGooylc 
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CHAPTERIX. 

AB80LUTB DIMENSIONS OF PHTSICAL UNITS. 



247. We atated in our first paragrapli that ail pliysical 
unitB are referable to tbe fuudameiitAl ideas of space, time, 
and maas, the unita of which are arbitrary. Thèse uoits ODce 
fixed, each définition we employ of a new unit contains im- 
plicitly ita référence back to the absolute aystem. It is our 
object in tbis cbapter to tnice tbe measures of the nuits 
we bave employed, and represent them in terms of arbitrarily 
assumed fundatuental unita 

248. We must remember tbat if we make any cbange 
in our units tbe cbange produced in the measure varies 
inversely as tbe cbange in the unit. Tbus changing the 
unit of length £rom a foot to a yard, tbe measures of ail 
distances wUl be divided by three, and tbe same principle 
applies in ail cases. 

249. There are two classes of units we bave concemed 
ourselves with, mechanical units and eUctrical units, many 
of the latter having been referred to under two Systems of 
measurement, the etectrostatic and electromagnetic. We sball 
tberefore divîde our investigation into thèse three divisions, 
referriog each tiiue to tbe définition and the algebraical ex- 
pression of it always implied. 

We call the ratios of the new to the old units of Imgth, 



time, and maas respectively L, T, M. 
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250. (1) Mechaîtical Unita. 
Velocitj 18 defined (Art, 2) as space desciibed per unit of 

time, and may therefore be measured by ^— . Hence, 

•' ■' tune 

retajnîi^ our former symbols as far as possible, 

«=f-ir- (1). 

The meaning of tbis expression is, tbat nven any chaîne 
in tbe fundamental units (space and time), uie cbange in the 
derived unit (velocity) is at once found by substituting in 
this formula the ratio between tbe new and old abaolute 
imits. 

- Accélération is defined (Art. 4) as velocity added per 



second, and may be measured by 



velocity 
time 



f-j-lT- ■. (2). 

Momentwn is defined (Art. 8) sa tbe product of mass and 
velocity, and is therefore measured by 

Mv = MLT'' ,(3). 

Force is defined (Art. 13} as rate of cbange of momentum 
... . , momentum 

per second, and is measured by — r- — — • 
^ ■' time 

F.MÎf.MLT- » 

Ejiergy may be defined either as work, tbat is (force) x 
(space), or as energy (Art, 2*), that is J (mass) x (velocity)*. 
Denoting it by tbe gênerai symbol W, we hâve in either case 
W^MVr^ (5). 

This will give tbe dimensions of every form of energy. 

251. (2) Electr<^aUc and Magnetic Unita. 

Quantity. The measure of quMitity dépends ultimately on 
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the law that the force between two equal quautities (Q) at a 

distance {L) from each other is measured by y, (Art. 56). 

Hence, as far as dimensions are concemed, 

^^ = F=MLT' (6); 

tberefore Q = M^L*r\ 

Magnetic pôle, or Qimntity of MagjieHam. The same 
formula (Art. 208) expresses the force between two magnetic 
pôles. Hence also 

m^M^L*T-' (7). 

Electrical and Magnetic Density are defined (Arts, 57 and 
207) as quantâty of electricity or m^netism respectively 

per unit area, aud are measured by jt and y, respectively. 

Hencë, in both cases, 

D = M^L^T'' (8). 

Potential is defined (Art». 60 and SOS) as work done on a 
unit of electricity or magnetism, and is tberefore measured 

by -jjT or — respectively. In both cases, 

^|-Af'i'î"' (9), 

since Electromotive Force is a form of PotentiaL 

Electrical or Magnetic Force is defiaed (Art. 60) as force 
on a plus unit, and may be measured by g, which gives 

^l = j(/*2i"*r-' '....(10), 

since in Magnetism the corresponding quantity is denoted bj 
the symbol H, and is defined (Art 209) as the number w 



lines of force per unit area. 



C.oo«;lc 
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Number of lÂnea of Force. Force dénotes (Art. 209) the 
number of Imea of force per unit area. Hence number of 
lines of force is measured by HL*, or 

JV=il/*Z'r-' (11). 

Capacity ie defined (Art. 70) as quantitj per unit potentîal, 

and maj be measured by ^. Therefore 

G = L (12). 

Spedfic Inductive Capacity is defined (Art. 77) by the 
ratio of two quantities of electricity, and is an abstract 
number. Hence in dimensions 

K=0 (13). 

Cvrrent-Strengtk- is defined (Art. 158) as quantitj per 
second, and is measured by ^; therefore 

I=M^L*T-' (U). 

Résistance is defined (Art. 162) by Obm's law by the 
équation £1 = RZ Hence 

iï = f=£ = i-'î'. (15)- 

Cmductimty va (Art. 161) the reciprocal of résistance, 
and is therefore measured by 

LT-^ '. (16). 

Spécifie GonducUvitfi) is defined (Art. 157) by the formula 
/= cF(r. 

_ current-etrength _ Af'X'f"* _ m-i ,, »•, 
(force) X (area) M^L^T~^ 

Spécifie Résistance is defined (Art 161) as the reciprocal 
of spécifie conductivity, and is measured by 

P-3^ (;:,■«#«)• 
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252. (3) B^ectromagnetic Uhits. 

We ehall dénote electromaguetic measure by the sa 
symbols as those employed in electrostatic, placing a bar 
over the symbol to indicate that it refers to this measure-' 
meDt. 

Oairent-Strenglh. This is defined as being identîcal with 
the strength of a magnetic shell (Art. 231), which i^aio 
îa definea (Art. 218) as the product of roagnetic denùty 
into length. Heiice 

J=DL = M^L^T-^ (19). 

Quant^y is defined by the formula ï =~m. Therefore 

Q=7.7'=Jtf*X*..... (20). 

Potential or Mecinymotive Force is deâned (Arts. 60 and 
208) as the work done on unit quantity, and is therefore 

W 
measured by ■= . Therefore 

Jl-J/ii'r* (21). 

Segistance is deâned (Art. 162) by Ohm's law. Therefore 
B=j = LT^ (22). 

Capacitif is defined as before by — . Therefore 
Jf'i* 

^-Siïf^-'""^ <^'- 

Strength of Field or Mectrical Force is force on unit 
quantity, and is therefore measured by = , which givea 
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Nwmber of Linea of Force may (Art. 219) be defined by 
'febe fonuula S" x T^ work : hence 

^-7=^.-'^*- <-'• 

Coefficient of Mutaal or Self-InduOion is defined {Arts. 
2S8, 239) by the formula Li* = energy of circuit ; hence 

Z = ^ = i (26). 

Spécifie Conductivity ia defined as befbre by the relatioa 

'-w-''''^ <'''■ 

Spécifie Résistance is defined as the reciprocal of the last, 
and therefore 

} = L'T-' (28). 

Spedfic Inductive Capacity may be defined by Art. 179, 
in agreement with the formula RO = 5— p^, whence 

ff'=^ = i-7" (29). 

P 

253. We wiD now présent in a tabular TÎew the résulta 
of the precedÎQg articles, adding the ratio between the 
dimensions of the rarious unita where they hâve beea mea- 
sured in both the electroatatic and the electromagnetic 
Systems, thia ratio being the number of electroatatic in one 
electromagnetic unit. 

(1) Mechanical. 



VàoàJer V ir-» 

AMMt«Mtioii ... / LT-* 

Porco F ULT-* 

Enwgy W JUtT"* 



,G(Hinlc 
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254. (2) Electrostatic aad electromagnetic umts. 



M»L-* r-i 



MilÀ 
HPLtT-* 



JlftL»T-' 



X2^' 
L-'T 

L,*T-' 
L'T-* 



QiWDtity 

Potentùl 

Eleotromotive Foroe 

Eleotric Force 

Cftpaeit; 

Spêoiâc indnctive eapaoitj. 

SpeoiSa condnctiTÎtj 

Bpedfic BesiBtonee 

BeBiatanoe of a Condnctor. . 

Canrent-Btrength 

Hagnet pôle 1 

Qnàjitit^ of Uagnetism ... j 

Magnetic potentiaL 

Magnetic Force { 

Strength ot Fiald j 

Nnmber of Lines of Fonx., 

CoeiBoient of Mutual or ] 

Self-indaotiOD { 

255. In tbe above table we see that the ratio of tbe 
measures of each magnitude in the two Systems dépends 
on LT^, a quantity of the dimensions of a velocity. This 
velocity bas been determined by esperiment, and must be an 
absolute quantity independent of any particulaj System of 
measurement. We wiîl dénote it by v, which m^ be as- 
sumed equal to 300 million mètres per second. From tbe 
preceding table we clearly hâve for the ratios between 
measures in tbe two Systems 

^ = ^=*^ = -^ = 
Q ï V F "^ 

^ C K C p "r 

256. If the suffîx dénote that the symbols stand for 
units instead of measures, we sball bave for the ratio between 

tbe units themselves by Art. 248 

Q. I. ~- ~ " 
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257. Practicai unita are DOt the abeolute units giren 
aboTe, immedialelj derived from the Cq.s. system of 
measurement. It la found tbat by cbooeiDg thèse units, ail 
our résistances and electromotîve forces will be represented by 
very lai^e numbers, and ail our quantities and capacities by 
small fractions. The units of lengtb, time, and mass actually 
taken are tbese : 

For length, tbe quadrantal arc of the earth or 10* cm. 

For time, tbe second remains tbe unit. 

For mass, the 10"" gœ. ia chosen. 

Referring to the table of dimensions given above we eee 
tbat electromotive force {M'L'T'') becomes multiplied by 
l(rV . lOV = lo". The voU ia therefore defined as lO* abso- 
Inte electromagnetic units. 

Résistance, whose dimensions are iJ7^ (the same as those 
of a velocity), becomes multiplied by 10*. The ohm is defined 
as the résistance which ia represented by the velocity of 
10° cm. per second. 

Current strength whose dimensions are Jf'i'î^ is mul- 
tiplied by 10"'. The ampère or current strength due to 
EMF of one volt acting through one ohm represents 10~' 
abeolute c.G.S. units. 

Quantity, whose dimensions are L^M', ia multiplied by 
10"'. The Coulomb is defined as representing 10'' units of 
quantity and is the quantity of electricîty which âows per 
second in a current of oue ampère. 

Capacity, whose dimensions are i"' 2™, is multiplied by 
10"". The farad, which ia the unit of capacity, will therefore 
represent 10"° abeolute C.O.S. units of the electromagnetic 
System. 

Thua we see that to couvert into absolute electromag- 
netic units of the aQ.3. System, 

the volt, tbe ohm, the ampère, the coulomb and the taxad 
we multiply respectively by 

10», 10', 10"', 10", 10"*. 

In many cases veir large multiples and submultiples of 
thèse units occur, and it is ttten convenient to use the prefix 
mega — or megal — to express a million timea the unit and the 
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prefiz micro^to express a millionth part of tbe unît. Thoi 
the m^alohm means 10' ohms ajid the microvolt means 10~ 
of a volt 



EïÂMPLES ON ChAPTER IX 



1. Make tbe following conversions by meaos of th< 
formulfe given in this chapter. 

(1) Find tbe number of ergs in a foot-pound 

Ans. 421 3S3 near]y. 

(2) Convert tbe accélération of gravity (322) into the 
ca.s. System. • Ans. 981 nearly. 

(3) The onita of time, space, and mas8, being changed 
from a second, foot, and pound to a minute, yard, and cubic 
foot of mercuty (density 13) ; fiad the ratio of tbe new 
units of velocity, force and vork, to tbe old units respectively. 

1 65 65 
^*"- 20' 96' 32" 

2. Show tbat in electromagnetic measure tbe di- 
mensions of ourrent-strength are given by — ^^ ^ . 

Hence show that the electromagnetic attraction between 
two conductora carrying currents will be of the same di- 
mension as the product of the current-strengths. 

3. By comparing tbe attraction betweeo two currents 
with tbat between two quantities of electricity condensed in 
poiots, show that the ratio between tbe electromagnetic and 
electrostatic units of quantity is represented by a velocity. 

4. Show also that a current in electromagnetic measure 
is of the same dimensions as ruf^etic potential. 

5. A sphère is raised to a given potential and discharj^ed 
through a wire, the sphère contracting dnring the disch^ 
so tbat its potential remains constant; show that the rate of 
contraction of the sphère will be equal to the reciprocsl of 
the résistance of the wire in electrostatic measure. 

6. Show that tbe beat given out in any circuit is ei- 
pressed by the same formula wbetber the units be electro- 
static or electromagnetic. 
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T. A coil whose reaistance is 2 ohms is immersed in a 
kilogramme of water aod a curreot of 3 ampères passes 
through it for a minute. Find thé élévation in température 
of the water (asBuming the mectanical équivalent of heat to 
be 41560000 ergs per gm.-degree). Ans. J* 0. nearly. 

S. Find the radius of a sphère whose electroatatic capa- 
city ia one farad. Ans. 3 x 10* cm. 

9. The electrostatic capaclty per nautical mile of any 
gutta-percha cahie is found to be » ■ farads, and the 

'"S 7 



résistance of its iosulating shesth . 10* ohms. Calcu- 

late the time of falUng to half charge. (Gîven Ic^, 2 
= •6931471.) Ans. 2 hrs. 46 min. nearly. 

10. The résistance of gutta-percha is to that of Hooper's 
material as 1 to 16, and the spécifie inductive capacity as 
4'2 to 3"1. Find from the last resuit the time of falling to 
half chaîne in a condenser of Hooper's material. 

Ans. 32 hrs. 48 min. 

11. Two plates whose areas are each one sq. cm. being 
placed at a distance of 2 mm, apart and connected with the 
tenninab of a hattery, are found to exert on each other 
a force equal to -01 gm. Find in electrostatic and electromi^- 
uetic measure the electromotive force of the hattery. 

Ans. 31 and 93 x 10" nearly. 

12. Show that the electromotive force in the preceding 
question ia nearly equal to that of 930 Daniell'a cells. 

13. A mètre is deâned to be a ten-millionth part of the 
qnadrantal arc of the earth ; show that the electrostatic 

«apacity of the earth is about 5— of a farad. 

14. Express in absolute electromagnetîc units the ca- 
pacity of the earth. 
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CHAPTER X. 



PROBLEMS IN MAGNETISM. 



258. The followiiig five propositioua on the properties 
of bodies free to move about a fixed axis, which might hâve 
been placed in Chap. I., will be found of service in this 
chapter, wben treating of the motion of suspeaded maguets 
in a uniform magaetic field. 

259, The idea we bave bere to introduce is that of 
angvlaT motion, wbich can be understood by fixing on a Une 
in the body perpendicular to Its axis and showing the angle 
traced ont diiring the motioD ; the rate at which this angle 

is traced out being the angular velocity. 

Def. Tke angular velocity of a rotating hody is the angle 
traced out per second by a Une fixed in tke body perpendicular 
to the axis of rotation. 

The angular velocity Hke ordinary velocity is a property 
of the body at a particular instant, and if variable must be 
measured by the angle which would be traced out per second, 
supposing the angular velocity to remain constant. 

Frop, I. If a body be rotating with uignlar velocitY » the 
velocity of a particle in the body distant r bom tbe axis of 
rotation is ru. 

For each particle traces out a circle, and if 5 be the 
angle traced out in a small time t, the angular velocity will 

be - ; or ^ = tor. The length of the arc traced out by the 
particle is r$, and the velocity of the particle — or r». 
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2S0. Frop. IL To find the eBetgy of a body rotatinc with 
uwnlar velocltr ». 

The enei^ of the particle whose velocity we computed 
in the last article ia ^mo^ wben m is its mass, and this îs 
equal to J mr*(i^. Hence the energy of the vhole body is 



'^mi' dépends only on the density and shape of the body, 
and may be computed wben the fonn of the body is kaown. 
It is defloed to be the moment ofinertia, and may be denoted 
by the symbol M. The energy of the rotating body we can 
tben Write JJfw'. 

26L Frop. m. To flnd the ancnlar velocit; imparted to a 
body by & couple actinc for a glTen time. 

Let F he the force and l the arm of the couple. The 
work done by the force in twisting the body tbrough a small 
angle diBExie. 

If (o, aud ci>, be the aogular velocities at the beginning 
and end of the movement the energy Imparted is 
iJlfK-<): 
.-. \M («),• -«.')=# X W = Gû),T, 
supposing O the moment of the couple and t the time 
occupied by the movement, 

.■.Jf(û..-Û).)=GT. 

If the couple remain constant for any finite time ( and w 
be the wbole anguiar velocity imparted 

262. Prop. IT. To flnd the elongatlon of swing of a body 
acted on by a constant force i& a given direction (e.g. a pendtdum 
imder gravlty). 

Let AB be the plumb-Iine in the position of equilibrium, 
and J.Cthe limit of its swing, then vAB is the elongation 
required. 

If ^ be an intermediate position the work spent hetween 
B and S" wiU be -F. BiV= /7 (1 - cos 5) = G (I - cos 6), wbere 
6 = BAB s^AFl-=Q. 



272 PBOBLEMS IN UA.QNETI8H. 

Hence if », be tbe angular velocity at B and &> at ^, 



, J Jtf (»,*-«') = 0(1- 
Kg. 61. 



cm 6). 



If GAB = a, then when « = a, » = 0; 

.-. iJlf«,» = <?(l-cosa)=2(?8m'|; 

which gives the relation required. 

263. Frop. V. To flnd the time of oscillation abont tbe por- 
tion of rest of the body in the preceding article, the disturhing 
force balng sappoeed sâaU. 

Let, as before, AB be the position of equilibrium, AG 
and ACf tbe extrême eloDgation& 

For the angular velocity at any intermediate position 
AP, we sball bave by the preceding Article 

J Mtù* = Q (coB $ — cos a), 

wbere 6 = PAB and a = GAB. 

If the disturbing force be very small tbe elongation wiU 

also be amall, and we may put cos fl = 1 — -^ and cos a = 1 - „ ; 
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Set off the double elon^tion CBC on a straight line so 
that ce == 2a, xaà.BP = i BAP and BQ = /.£A <J. On CC 




HP B (T 

descrîbe a semicircle and raised perpendiculars. Pif, QAf and 
draw MB parallel to BG. Join BM, EN. Then 
Mw* =G(a'- e*) 

= G{BN'-BP^=G.PN'i 

.■..-41... 

Hence tîme of describiog the arc PQ 

rACl PQ m PQ 

But by Bimilar triaDgIes PQ : MX :: PN : BN, 
■PÂT-S?-'^*''' 



Adding ail the successive iutervals we shall hâve the time 

of deflcribing PC = ^ a/ -j . 

HeDce if T be the time of a complète oscillatiou from rest 
to r^at 



T. 

or. 



'Vf: 



Goosk- 

ïa 
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Cor. 1. We aee firom the resuit that the time of oscil 
lation ia indepeudent of the arc of vibration, suppœing thi; 
arc small. The vibrations are in conséquence said to b< 
iaochronoua. 

Wben the arc of vibration is not very small the formuL 
will not be rigorougly true. We can eaaily find a supexio; 
limit to the error committed in using it. 

Continuing the séries for cos $ and cos a one tenu fiirthei 
we hâve 

= «(,--^(i-aiî^), 



Ma'. 



«v^^^^^n 



li 

Hence the error in a> caunot exceed — n — of the whole, and 

li 

thîs is certainly less than t^- or ^0 of the whole, or the error 

in the time of an oscillation will certûnly not exceed y^ of 
the whole time, a being half the angle of swing. 

Cofi. 2. If the peadulum consist of a mass m suspended 
from a weigbtless string of leogth l, undèr gravity M = mP 

and = mig; hence T=Tr */-■ 

264. We now append some important applications of 
the preceding theory. 

Prop. 71 To flnd the force acting on a magnet placed in & 
nniform magnetlc fl^d. 

At a great distance from a magnetic System we may for 
a limited space coosider the strength of the magnetic field 
to be uniform. The lines of force will then be a system of 
parallel Unes uniformly distributed through the space. ThÎB 
will apply for instance in the case of the earth throu^iout 
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an ordinarjf room in wliich we perform our ezperiments. 
The directioa of the lines of force are then sbown by the 
dipping-needle, and the thickoess of theîr distribution by 
the absolute value of the nu^etic intensity at the place 
QDder considération. 

Let now the Unes of force be paiallel to the leogth of 
the paper, and let their direction be from the bottom to the 
top of the page. 



W"' 



,^ 



Let AB be a magnet whose north pôle is at A and 
south polo at B, and let the strength of each pôle be m. 
Let \ be the length of the magnet, and 6 ita inclination to 
the Unes of force. 

Let S be the strength of the field, that is the force with 
which a unit pôle would be urged along the lines of force. 
Then the pôle A will be subject to a force Sm along the 
liaes of force, and B will be subject to an equal and opposite 
force — Sm, along the Unes of force. 

Thèse two forces constitute a couple (Art. 22), and the 
moment of the couple is Sm . DE. 

But DE=lsiu0. 

Hence the force on the m^net will be a couple whose 
moment is . 

Hml sin 0. 

CoE. 1. If the magnet be placed perpendicular to the 
lines of force, the moment of the forces acting on it becomes 
Eiid or the magnetic moment multiplied by the strength of 
the field (Art. 207). 

18—2 
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Cor, 2. If the magnet be composed of several magnets 
vith their axes ail in the same directioD, the motaent of the 
couple OQ the compound magnet will clearly be Ssinê . £W 
when %ml is the aum of the moments of the elementary 
magnets, and may therefore be termed the moment of the 
compound magnet. Thia has already been assumed in 
(Art. 207) deHning magne tic moment. 

26S. Frop. TU To calcnlate the swing of a inagn«t placed In 
a macnetic ieU and makJng oBcUIatlons ahont its position of rest. 

The caJculation of the precedîng articles applies, and if 
G be the mi^netic moment, M the moment of inertia, a» the 
angular velocity in the position of reat, a the greatest elon- 
gation, and S the streogth of the field, then (Art. 262) 
Ma' = 2HG(l-c<iaa), 
jGH 



a. IG 



266. Prop. Tm To flnd in absolnte meaanre the magnstic 
moment of a givrai ïai-magnet nnifoimly magnetlzed. 

If G be the magnetic moment of the magnet, and H the 
horizontal component of the earth's mt^netism, two observa- 
tions are made, one of which gives the product HQ, and the 

other the quotient ^ from which Q can be at once found. 

First. To find the product HG. Let the magnet be 
auspended so as to swing freely in a horizontal plane, and let 
its time of oscillation be careftilly observed. Then applying 
the formula of Ait. 263, we hâve 

HOT'=ir*M. (1), 

where T is the observed time of oscillation in seconds, and if 
the moment of ioertia of the magnet about îta axis uf 
suspension. 

Secondly. By using one of the pôles of the magnet M 
deflect another magnet we can find by observation the 



H 
° &■ 



fdhv Google 
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Let m]te a, pôle of the magnet of the last article, and BG 
another mi^et disturbed by it &om MM the plane of the 
meridiaD. 

Let the strength of the polea ot BChe each m, ita lengtb 
2c, the distance of its middle point from A, d, and the 
distances AB, AC ot the polea r^ and r^ The forces acting 

on B will be Hm' along the meridian and — f- along BA : the 

forces on C being — Hm along the mendiao and — j- 
along A C. 

The force — ^ can be resolved into (Art. 17) 



- parallel to AO, and - 

Kg. M. 



; aloDg BO. 



The force 
mm.' d 



r can be resolved into 

, mm' c 



parallel to AO, and - 



Taking moments about 0, if S be the deâection from the 

meridian, we hâve 

. /dmm' . dmm,'\ „ - e ir / 
c COB S 1 — T- + - —, — = 2c sm oiim ; 



-(^^y 



,G(Hinlc 
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Now r,' = c" + (? - 2crf sin 8 

Thereforer.- = d-(l+?^ + 

and r, '«d *(1 -^ h 

D^lecting powers o 



H cotZ fl" cotS ,~, 

■■■m = -^' «^ë=lJ ^^^' 

Z being the distance between the pôles of the given magnet. 
Thia givea ia abaolute measure the ratio ^. From (1) and 
(2) H and G become known. 

Oos. 1. Tbis method gives not only Q in absolute mea- 
sure but also H, the horizontal component of the Earth's 
maguetism, and vas origînally used by Gausa for tbis purpose. 
The quantity actually raeaaured is the horizontal component 
of the Htrength of the Sarth's m^netic field at the place, 
whicb multiplied by the sécant of the dîp gives the total 
strength. The reason for detennining the horizontal com- 
ponent is that a horizontaUy suspended magnet is more 
suitable for observations on oscillation than a dipping needle, 
the Motion being very much less. 

CoB. 2. If we suppose the mi^etiam of a magnet uu- 
altered, we can at once compare the magnetic strength at 
two places by observation with the same magnet. Th\a if 
the magnet make » oscillations in a minute, its time of oscil- 
lation is — , and we hâve 

"eo*- ,.:.,...,Gooyic 



I PROBLEHS IN lUGKEnsll 279 

or the magnetic atrength ïa proportional to tha square of the 
namber of oscillations made in a given time. 

267. Ftop> U' To flnd the Btnofth of fl«ld »t any point dna 
to a nnif ormly magnstlsed sphwe. 

We represent the distribution of magnetism (Art 211) 
by two equal nearlj coincident sphères, one of positive and 
the other of négative matter of density p, baving the line 
ce joiniug their centres in the direction of magnetization, 
and such that p . CC=fi, the intensity of magnetization. The 
density of free mi^etism will be given by fi cos $, where 
is the angle between the normal to tbe sphère and the direc- 
tion of magnetization. 

First, to find tbe strength of field at an extemal point P. 
We aee that the forces on a unit pôle at P wiU be the same as if 
Fig.es. 




au the positive sphère were collected in C, and ail the néga- 
tive sphère in (7, the forces will therefore be fîrp -t™ répul- 
sive along CP, and ^p T vpi attractive and along CP, a being 

the radius. 

We will résolve thèse forces along and perpendicular to 
aP, calling the angles 0?, (7P make with CCproduced,^,^. 
Then the component aloi^ CP outwards 

, ,j- 1 cos(^-fl)l ... 

=Kp« [cF — ap^\ <^>' 

and the component perpendicular to CP increasing 

-01^ (^)- 
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RememberiDs that 8" -0 ÏB a, small angle, the component 

,/ I 1 \ 

aiong CP =|7rpa \pp--^pij 

, OP' -CI" 

= - lirpa* . — ~p, veiy aearly. 

But if ON be perpendicular to CP, 

CP-CP=CN= ce CO80; 

.: force along GP = - ^pOC , ^Yp coa 



and force perpendicular to CP 

. . ON 



-^p.CG Qp 8in 



If ^ be the angle the Une of force makee with CP 
tan ^ = i tan ; 
and the strength of field at P will be given hj 

I "Tf- Qpt Ji cos" + sin' 0. 

Secondly, let P be intemal. The force due to ail of 
the sphère outside the given point vanishea (Art. 32), and 
force at P due to sphère of radius OP is ^pCP. 

Hence there will be a répulsive force jTrpCP along CP, 
«r.A Q^ attractive force j-pC^Palong PC. 
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Heace b; tbe triaDgle of forces the resultaot will equal 
^TtpCG' in direction CCf, or the force will everywhere be 
constant aod equal to ^vft,. 




Cor. If there be a sphericaJ cavity withïn the magnet, 
the principle of displacement of + and — âuids shows that 
the distributions over the internai and eztemal surface will 
be according to the same law, but of opposite sigus. Their 
total effect oa any internai point will therefore be nil, or the 
force at every point within the cavity vaniabes. 

268. Frop. Z. A sphore of perfect magnetic snaceptibilitr 
placed in a aniform msgnetlc fleld will be nniformlf majnetlzed. 

By perfect susceptibility is meant a total absence of coer- 
cive force, so that any élément at once takes up the mi^et- 
bm due to the total force acting on it. 

If fl' be the atrength of field and k the coefficient of 
magnetization, let Hk = /*, Suppose a sphère rigidly mag- 
netized wîth intensity p, placed with its Unes of magnetiza- 
tion along the lines of force in the field. Make a small 
spherical cavity in tbis sphère. The force within it will be 
^mply the force due to the extemal field. Fill the cavity 
witn magnetic but unmagnetized matter, it will become mag- 
netized to intensity Hk or /i, and will not be distinguisbable 
from a portion of the original magnet Make another spheri- 
cal hollow,and go on repeating the whole process till as large 
a fraction as you please of the original magnet bas been re- 
plaeed by magnetic matter uniformly magnetized under the 
induction of the âeld. 
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269. The followioK perfectly générât proposition in every 
field of force is placed hère on account of its application to the 
magnetic problem which foUowa, 

Prop. XL In U17 field of force the strength increasee &0111 

any point tovards Ûte centre of corvatnre of the Une of force, 

thiongh the point, and the rate of increaae is measnred 1)7 the 

prodoct of tiie streagth into the cnrvatiiro of the line of force. 

Let AB, CD be any two consécutive linea of force, we wîll 

^.__ „„ assume in the plane of the paper, and 

let A G, BD be the Unes in which the 

planes are eut hj two equipotential 

surfaces. AC, BD will eut AB, CD 

at right angles, and if produced will 

intersect in 0, the centre of carva- 

ture of the line of force. 

If ^ be the strength of field be- 
tween A and B, and F that between 
G and D, the différence of potential 
between AB and CD will 

= FxAB = F'x CD. 
But since AB is greater than GD, F' is greater than F. 

F AB AO 
Again _ = _=_; 

F-F _AC F'-F __ F 

•'■ F ~'C0' ^^ AC ~ GO' 

Hère, the left-hand side is the rate of change of F between A 

and 0, and the rigbt-band side the product of F and -j^, GO 

being the radius of curvature, and ^ tberefore the measure 
of curvature. 

270. Prop. xn. The reanltant force on a small permanant 
magnet or small partlcle of ma«netic .matter placed alons the 
Unes of force in a magnetlc fiald vill be towards the Btrongsst 
paxt of the field, and will be proportlonal to the rate of chûigs 
of the Btrengtfa in that direction. 
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Let 2fS be the magaet Ijing along a Une of force, the 
«itire directioD of the line being from S to N. 



The forces acting on the magnet will be mP, mF along 
toDgeats TN, TS drawn to the line of force ai N, 8. P, F 
being the strength of âeid at N, 8 and m the strength of the 
pôles N, S. 

K ô be the angle subtended at the centre of curvature by 

the arc JVS, the angles TNS, TSK wUl each eqaal |, and 

p.d = Ifs, where p is the radius of curvature. 

Thea resolving along N8 we baye 

m±' cos ô — mP coB s 

F-P 

F — P 
Bat m . N8 ie the tnagnetic moment, and ■ „„ the rate 

of change of strength aloog the line of force. 

The comjKinent towarda the centre of curvature is 

mF ain g + mi* sin 5 

= m.{F + P).t = ^.NS.i±^. 

P + F . 
Hère — — is the avenue force between ^and 5, and there- 

?+F 
towards the centre of curvature. 
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Hence the compoueDts aloDg and perpendicular to th< 
lÎDe of force are each fouod by multiplyiag the mf^etit 
moment bj the rate of change of the strength in thèse respec- 
tive directions. 

It follows that the résultant force wili be towarda tht 
strongest part of the âeld and will equal the magnetic 
moment multîplied by the rate of change of the strength ii 
that direction. 

Cor. 1, If the small magnet be placed in a reveraed 
position, the positive direction of the lines of force beiog 
irom ytoS, the résultant force will hâve the same magnitude 
ae before, but will be from the stronger to the weaker part o) 
the field. 

Cor. 2. If a small sphère of unmagnetized matter be 
placed in the field it will be magnetized along the linea efforce, 
and the nu^etic moment of the induced mwnetism will be 
Fk V, where F îs strength of field, k the coefficient of mag- 
netic inductioa, and K the volume. Hence if F, F" be the 
strength of âeld at two points distant a apart, a being 
towarda the strongest part of the field, the résultant force 

on the sphère will he kV . — =K . F , J . , 



2 • 

Cor. 3. The sphère of magnetic matter of the last article 
will be in equilibrium when the rate of variation of fl vaniabes, 
that is when iî' is a maximum or a minimum. The equi- 
librium will be stable if iî* is a maximum, tbat is at the 
strongest part of the field, and unatable if B' îa a minimum, 
that is at the weakest part of the field. We hâve already 
seen that S' canoot be a maximum in free space, but only 
along a certain direction along wbich the magnetized partiel» 
is constrained to move. 

COB. 4i. Since a pièce of diamagnetic substance behaves 
like a steel magnet whose pôles are reversed along the lises 
of force, if a small diamagnetic sphère be placed in a field 

of force, it will be ui^d by the force kV .\. -, but 

from the atrongest towards the weakest part of the fieli 
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This amouDta to aaying that the above formula is tnie alwajs 
if for diamognetic substances k be négative, a law we bave 
■Iready noticed. 

Cor. 5. The force between two diamagnetic masses or 
between différent parts of the same diamagnetic are so weak 
Uiat our meana of ezperîment fail to detect them, and we 
may assume tbat every diamagnetic bodj is subject to forces 
vhicb are the résultant of tbe forces which act on each élé- 
ment taken separat«l<r. 

Cor. 6. Tbe behaviour of a diamagnetic in a magnetic 
field can generally be explained by the tendency of each 
élément of its maaa from places of strong to places of weak 
magnetic force. A bar of bismuth for instance would if 
UQdist.urbed set along the lîne of force in a uniform field, 
but sets acrosB them in the field of a strong electromi^net, 
vhere tbe strength falls off very rapidly as we recède across 
the field trom the line joining the pôles. 

27L Frop. ZXEL To flnd the dimensions of the magnetic 
Bhell équivalent to a given plane voltaic drcnit. 

If p be the density of the équivalent plane magnetic 
ehell and d its thickness, we may suppose p, d constant over 
the nbole shell and from the defioition of our electromag- 
Qetic System (Art, 231) of units, if i be the current-strength in 
the circuit 

i = pd, 

l'-'d- 

The right-hand side is hère tbe strength of current per 
unit of thickness, hence if there be n tums of wire per unit 
of length, and the current etreugth in each tum be i, we bave 

P = n» (1)- 

If .d be tbe area of the circuit, the quantity of magnetism 
OD each face of the shell will be 

±Afi = ±Am (2> 

The magnetic moment of tbe sbell will be 

Apd^Andi. Goo^^k 
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But since nd is tbe whole number of tums oï wire An^tJt. 
will meaaure the sum of the areas of ail the tums of wiro, 
=.A' suppose. Hence the magnetic moment G will l>e 
(riven by 
* G^A'i (3). 

272. Frop. XI7. To inrestigate tlie propertiea of the electro- 
magnetlc fleld near a straiglit wlre of Infinité length canyln^ a 



We may regard tbe iafinite wire as part of a circuit, the 
rest of the circuit lying in a plane which we will assume 
perpendicular to the plane of the paper, as also tbe cou- 
ductor under considération which forms one edge of the circuit. 

Let be a section of the conductor, OA' the plane of 
the circuit, and P the given point. 
Fig. 69. 




The circuit being of infinité estent abore and below the 
paper and to the left of 0, will now subtend a solid angle 
at P, which bas for its boundarv a plane passing through the 
conductor (whoae projection is PO) and a plane passing 
through the opposite part of the circuit. This part is parallel 
to the given conductor and at an infinité distance, and the plane 
passing through it will be paraUel to the plane of the circuit 
and will bave for its projection PX, which is parallel to OA'. 

The solid angle bouuded by the two planes PO, PX will 
be a lune of the unit sphère, and its area will clearly be 

circular meaaure of OPX . , 
5 X area oi sphère 



,G(Hinlc 
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Hence thâ poteotial at P is iH. 

This ezpreastoa shows that for ail points ou the plane 
OP the potentiaJ is the same. Hence the equisotential sur- 
Ëtces are a System of planes intersecting in the conductor, 
and the lines of force are consequently a System of circles in 
(danes paxallel to the paper havii^ for tneir centre. 

We must also remember that each of thèse surfaces haa 
not a definite potential 2di, but its gênerai potential will be 
(4»7r ± 2$) 1. 

To find the strength of the field or the magnetic force 
at P, we must ând the rate of change of potential along a 
Hne of force. If PQ be an arc of a circle whose centre is 0, 
it will be an arc of the Une of force through P. If fi" be 
strength of field, 

„ Potential at Q — Potential at P 

" PS 

-^^«'■-.li; ™cs OP.PÔQ-PQ. 

This gives us the strength of the field at every point 
round the conductor ; the direction of the force being alwaya 
perpendicular to a plane coutaining the conductor and the 
m^net pôle. 

Cor 1. To find the attraction between the infinité 
conductor of this problem and another of finite length placed 
parallel to it and carrying a current. 

Let (y be the trace on the paper of the second conductor 
of length l which will also be perpendicular to the paper, and 
let it carry a current *'. 

If the conductor be moved parallel Fig. 90. 

to itaelf to 0", the increase in the lines 
of force enclosed will be S x ï x (70", 
when H is the strength of the field. 

Hereff-^; « «^ 

.'. the work done in the movement from 0" to (/ (Art. S 
_2r7.O'0".,_2/M' 
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But this equalB F MO' where F is the attraction betweer 

the two eonductora ; and thereforo F= ^^j^ . 

CoB. 2. The induced current io the second conductoi 
owing to moving it parallel to itself, assuming that in tht 
primary unaltered by the movement, is (Art. 244) 

1 „2tt0'0" . m^, A <yo-\ 



~ R 
R being the résistance in the circuit. 

Hence during any finïte movement, as from 0, to O,, 

r„ 2li. 00. 

273. Prop. ZV. To investigate tiie magnetic âsld along the 
axis of a circnlar voltaic circuit. 

Let be a point on the axis and GAC the plane of the 
circuit. 

■Fig. 91. To find the potential at we hâve 

only to compute the solid angle sub- 
tended by the circuit at 0. This will 
be the base of a right cône whose semi- 
vertical angle is OOA. 

It is easy to eee that the axea of the 
unit sphère eut off by this cône is 

2ïr (1 - cos 0) where ff - GO A. 

The potential at is consequently 2in (1 — cos ff). | 

If the point be off the axis the cône becomes oblique, and 
there ia no means of estimatii^ its solid augle ezactiy. 

To find the strength of the field at we must com- 
pute the rate of change of potential in the direction OO. 
This will be 

2Tri (cos g - C03 ff) 
Ôâ ' 

where OOA = &. 

DoiiîHihvGoogle 
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To exhibit this geometrically, draw OC parallel to O'C 
and deacribe a circulât arc OC". Draw GA, CA' perpen- 
Jieular to OA, CE perpendicular to CA', and WD perpen- 
iicular to OC 

Fis- 92. 




Thcn cos 9 - C03 ^ - ^ - -p^ ^ — yy- 



AA' 
' 00 



_CE_ CE an oa 

(X!~'CO" OiJOd' 

remembering that CC is approsimatcly parallel to O'D. 

_ , , ... , . , CE AO .OD C'A- 
But Dy similar tnangles JT/T'^ fyîi ^^d ^^ = jrr^ . 

2ir»(cosg-cosy) ^ .AO A'C 1 



oa 



^■^ffu-m'-iû'^^'''^ 



wheQ 0, (y are very iiear becomea —>r^j— = H, the strength 
of the mï^etic field at 0. 

CoB. 1. The potentîal at the centre is 2iri, aod the 
strength of field there ia -7-^ . 

Cor. 2. If the wîre be wound n timea round the circle 
we coQsider separatelj the strength of field due to each coil 
and add them. The reault will be that the potential and 
strength of âetd are each multiplied hy n. Ji. 

CE. 19 
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274. Fiop. XVX To investigate tlie Btrength of field âae to a 
hélix cartTlng a voltaic circuit. (Such an arrangement is often 
called a solanoid*^.) 

This proposition might be solved by eonsiderîng the 
strengtli of field due to each voltaic circuit, of which the 
fiolenoid 13 compoaed as in the preceding Article. We can 
make tbe solution somewhat simpler as well as more gênerai 
in form if we substitute fou each voltaic circuit ita équivalent 
plane magnetic shell (Art 229), The résultant distribution 
will be, for ail eatemal points, of density +ni on oue end, 
and —ni on the otber end of the aolenoid; the + distribu- 
tion being related to the direction of the current (Art. 228), 
so that an observer looking from outside on this cod sees tbe 
curreut foUowing the direction opposite to the bands of a 
watch. The strengtb resolved along tbe axis of the magnetic 
field due to tbese distributions will (Art. 227) be respectively 
niilj and — nîïî, where U^, iï^ are the solid angles subtended 
at the point by the faces of the solenoid, 

The aigns being reversed where the current round eitber 
end viewed from tbe given point follows the hands of a 
watch, With tbis convention the strengtb of field parallel 
to tbe axis at any extemal point is given by 

m(ft,-ii,), ; 

and is directed along the axia from — to +. 

If the point be inside tbe solenoid, to find the strengtb of 
field we must as in Art. 214 suppose a wafer-shaped cavity 
made by the removal of one of the elementary shells near the 
point. 

If be the point, and PQ the shell, the force due to 
the + distribution on P, and the —distribution on Q will be 
H- Zwni, and — 27rni (Art. 36), and hence the total force due 
to tbese two distributions will be iTrni. The ordinary mag- 
netic force at O will be — îil'(ïij + Ii,) remembering the 

* The term solenoid is only attictly applied to S helii in which tha termi- 
nal wires aro oarried back again to the centra and leave the hélix side by sife 
Tbeae retum ourrents would (Art. 236, Coc. 3) neutraliza the helii regardeJ 
ma sinuous cnrrent abont its own aiia, and we have left the action of • 
gyfitem o[ 01 rôles in parallel planes as aasomed hère. 
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oonventioD luade above, and hence the résultant strength of 
field within the hélix hecomes 

Fig. 93. 

?a 



If the point be taken on the axis of the hélix itself the 
résultant strength of âcld will bc along the axis, and if 2^, , 
2^, be the angles subtended at the point by the diametera of 
the ends of the hélix (supposed circulai) we hâve, as in 
Art. 273, 

il, = 2Tr (1 - cos 1^,), 

ïl, = 2ir(l-co8i^,), 
and hence for points outside the helis the strength of fietd 

= 27TOI (C03 1^, — COS ^,) , 

and for pointa inside the hélix the strength 
= 2 imi (cos -^j + cos i/r,). 

Cor. 1. If the hélix be very long compared to its dia- 
meter through a large portion of its length, fl, and fl, will 
be very small compared to iir, and hence the strength of 
field within it becomes éirni; the resuit geuerally aâsnmed 
in practice. 

Cor. 2. The sura of the strength of field parallel to 
the axis at any two points near to each other on opposite 
aides of the hélix will be iirtii. For the strength just in- 
side is 

and that just outside at a point indeRnitely near the first is 
ni (ïl, + il,). 
Hence when the hélix is very long compared with its 
widtb through a large part of its length, we may regard the 
strength of âetd just outside as niL 

19—2 
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CoB, 3. A Tîire in the form of a hélix traversed by a 
voltaic current may in ail cases be substituted for a bar 
magnet, and as far as actions in the ezternal magnetic Ë.eld 
are concerned they will be identical. 

Tbe lav of direction is Seen at once if we remember tbat 
Unes of force enter a magnet by its soutb pôle, and leave 
Fig. 94. 



it by its north pôle. 

CoE. 4. The magnetic moment of the helîx is eimply 
tbe sum of the magnetic moments of each circuit, and tbis 
will be as in Art 271 

ivbere A' is the Bum of the areas enclosed by ail the tuiiis of 

wire. The earth's couple on thia hélix will clearly be BA'Û 

Cor. 5. The resuit of the preceding Corollary may 

be used to determiDs a curreat in absolute electromagnetic 



For let A hélix such as tbat considered be suspended 
by a bifilar arraugement perpendicular to the plane of the 
meridian, and let a current be transmitted through it by 
raeans of the wires of suspension; then if the Earth's force 
deflect it through an angle <p, the couple upon it wiU be 

HA'i cos 4>, 
where H is the horizontal componeat of the Earth's magnetic 
force. 

Tbis must be balanced by the force of torsion in the 
suspending wires. If D be the coefficient of torsion tbis 
ia measured by D sin ^; 

.-. BA'i coa <f, = D mi if>; 1 

J) 



t=^j,t^4,. 
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Let the current at the same time be passed through a 
tangent galvanometer in wbich there is a deflection ^'. 
Théo, anticipating Art. 278, 

»=ptanf. 
Multîplying, we bave 

ï* = , tan A . tan A' ; 

^1 ^ ^ 



V^ 



';^7ptan<^.tan^'; 
which gives tbe current-strength m absolute œeasure. 
Ëliminating z, we bave 



-V^^ 



tan . cot <j>', 



anotber metbod of fînding in absolute measure tbe Ëartb's 
Uoiizontal Force. 

Cor. 6. If the hélix bave an iron core its magnettc 
strength is enoniioualy increased. The strength of the mag- 
netic field within the helis is shown to be énrni = H sup- 
pose, and if & be the coefficient of induction for the iron 
core the density of the separated magnetisma will be Hk. 
Hence if C be the area of the section of the core, the 
strength of its pôle will be BkC. But the rnimber of lines 
of force proceeding frora a unit pôle is obviously 4nr. Hence 
the number of additional lines of force due to the iron 
core is éirlIkC and tbe whole number of iines of force pro- 
ceeding from tbe pôle ia 

MA+4wHkO 
= H{A + 4irkG) 
= iTrm{A+i-n-kG). 
The strength of each pôle of the compound magnet due 
to the hélix and its core is 

ni {A + évkC), , ........GcHinlc 
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and its magnetïc moment is 

IniiA+ivkC)*. 

275. Frop. ZVn. To flad tbe coefficient of matnal inânction 
fat two coudai solenoids. 

We will call the ioner hélix A the primary circuit, and 
the outer B the secondary. Let A, B represent their areas, 
and n,, n, the iiumber of tums of wire per uait length, i^, », 
the currents they carry. 

The strength of field anywhere within A 

= iimj\. 
Fig. 95. 



Hence the whole number of Unes of force wîthin A 
= i-7m^i,A. 

* Thia result woald ahow that a magnet of great Btrength oould be mode 
bj aimplj iDcreasing tbe iioD core, and without ïncieasing the namlier ot 
wiuds of iviie. !□ practice this is not the caso, and also eince, aa remarked 
(Art. 213), the magnetio Htrength wiU fail off (rom direct proportionaliÇ to 
current aa the point of eaturatiou of the irou core ia appioached, &nd the in- 
daction of one pejt of the core npon another so weakens its magnetism that 
if the section exceed a certain vety moderatc lïmit the powec of the pôle is 
increased only in a latio far below that of ita increase in seotian, and tbe 
reanlt is a practical weakeuing of the pôle. This is partlj obviated when the 
core consista ot a bundle of witea as ia uaual in induction coils, but it aeema 
probable we maylook for greater gain in power by the construction of tnbnlar 
electro-magnets, aaid to hâve been frst made in Oermony by Bomershausen 
in 1350 (l^ough ascribed by Daguin to MM. Favre and Kunemann). Tha 
inTCDtion seems to hâve received only a pasning notice till eshibited in the 
Scientific Loan Collection of 1876 by Mr FauUoier of Manchester. They are 
constructed by enclosing an ordinarj electromagnet at successive stages 
dnring the winâing in an iron tube. Each iron tube may be regarded as part 
ol the cors removed frOm the central portion, the indaction of the central 
portion on it being lliua «eakoned. This weakened induction is found mors 
than to countecact the absence (and indeed reversai) of the &e1d due to thaï 
portion of the coil which in building np the magnet i8 placed vrithin the 
tube, which aoquirea a Hliong polatity in the same direction as the core owing 
'1 the field of -ttoHO ooils wluch lie eitemal to it. 
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But B înclndea ail ^'s lines of force and no more (neg- 
lecting the distribution on the ends oî A). 

Hence the number of lines of force included by B 

and the effective strength of the current in S Î3 /n,i,, where 
l is tbe length of B. 

Hence the potential ol A on B 

where Mis the coefficient of mutual induction. 
Hence M = éTrln^n^A. 

Cor, 1. To find the coefficient of eelf-induction of A, 
we must make B and A coiucide, and divide by 2 the 
resulting value of M. {Art. 239.) 

Hence L = 2wln'A. 

Cor. 2. If A hâve an iron core of area C, the uumber 
of liuea of force eoclosed by A becomea 

iTrn^\{A + iirkC); 
hence the coefficient of mutual induction 

M= 4,-!m,n,l{A + iwkC), 
and the coefficient of self-induction 

L^iimH(A+i7rkO). 

276. Instruments for measuring the curren"t-strongth in 
eonductors are called Galvanometera. Thèse instruments 
generaily consist of a coil of wire carrying the current to be 
raeasured, and a magnet needle suspended near the centre of 
the coil, the movements of the magnet in the electromagnetic 
field made by the coil giving the means of measuring the 
current strength. 

The first tbing we require to détermine is the strength 
of the field at the place where the mi^net is suspended, 
and if the galvanometer is to give absolute measui-ement. 
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the strength of the field near the needle must oe as uniform 
as possible. In ail cases of a ma^etie field due to a current, 
the strength of the field is directiy proportional to the 
current-streDgth, and knowing the strength of the field with 
unit current we can at once cooipute it with any current. 
This strength of field near the magnet due to unit current 
is called the 'Oaivanometer constant,' and we shall dénote 
it by the symbol F. 

277. Frop. ZVm. To find the Oalvantnneter coiuitont for a 
gslTasometer conHlHting of a few tums of 'wire in the form of a 
drde, the needle being snspended at its centre. 

If a be the average radius of the wire, and n the number 
of tums, the strength of field with a current i is shown (Art. 
273) to be 

at the centre of the coll. 

Hence if * be unity the strength becomea 
2Tni__ 



The objection to this fonn of galvanometer lies in the 
fact that the field near the centre is not uniform. 

We hâve already shown that a sensibly uniform field 
may be produced by coiling the wire in the form of a 
long hélix. In this case, however, it ia impossible to 
observe the movemeuts of a needle suspended inside it. 
Arrangements hâve been made cousisting of two or three 
parallel circles having the needle suspended symmetricaliy 
between them. Ey this means, originally due to Helmholtz, 
a field of great uniformity may be produced. To calculate 
the strength we should use the formula of Art. 273, summing 
the strengths due to each circle. This condition is also 
nearly satisfied by the mirror galvanometer considered in 
the next Article. 

278. The coil of Thomson's Mirror Galvanometer con- 
sists of a solid cylinder of wire surrounding a central cylinder 
"■ ■ hîch the magnet and mirror swing. 
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Suppose the figure to show a section of the galvanometer 
and M the position of the mirror and magnet. 

The coil ABCD, A'BC'D' may he regarded as a numher 
of coaxial helicea, the end of one of which is represented 
in section by PQ, P'Q'. If there be n thicknesses of wire 
to a unit of length, the strength of current in PQ = nPQ due 
to unit current in the wire. 



Hence the strength of 
hélix 



where ^^ = QMN, 



at M due to the elementary 
= i-rrnPQ cos ■^, (Art. 274) 

where 2c ^ the thickDess of the coil. 

But FQ : QR :: QX : QN; 

, PQ_QR_PQ±QR_ 

■■ QM Q}f QM+Qlf~ 

-log (QM+QX)- 

therefore addiag thèse successive différences, the strength of 
the field at M or 



1 /, PQ + QR\ 
SlPSU-PN); 



r-é7n«!ilog(CJ/+ OW) -\og{AM + AN)] 
_ CM+CN 



= inrnc le 
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Cor. 1. If r be the galvanometer constant, the 
Htrengtli of the field near the magnet will be Vi when a 
curreiit i circulâtes in it, and if we substitute Ti for H the 
previous propositions about magnet motion are applicable. 

Cor. 2. It the plane of tbe galvanometer coil AS be 
tbe plane of the meridian, the strength of the current will 
be proportioual to the tangent of the deflection of the 
maguet, 

Fig. 97. 




Let CD be the magnet, and let the stiength of each pôle 
be m. Also let H be the earth's horizontal force. 

The forces acting on the pôles will be ± Hni parallel to 
the magnetic meridian due to the Earth's magnetism, and 
Tim perpendicular to the meridian due to the voltaic circuit. 

Hence taking moments about 0, we hâve, if S be the 

deflection AOB, 

Tim . CD cos B = I{m. CD sinS; 

. H, . 
.■. ï = =^ tan 6. I 

This form of galvanometer is called a Tangent Galvano- 

Coo'ilc 
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Co». 3. If the coil be moveablo about a vertical axis, 
and be turned round so that the magnet ia in the plane 
of the coil, the cttrrent-strength is proportional to the sine 
of the deflectioD. For using the Same notation aa before 
and taking moments about 0, 

Fig. 9&. 




Vim . CD = Hm . CD sin 8 



This form of the instrument is called a Sine Galvano- 
meter. 

The advantage of this over the Tangent Galvanoraeter is 
that the reading is always made with the needle in the same 
position relatively to the coil. The needle may therefore be 
made as long as we please and the coil may be a flat 
rectangular coil close to the needle. The constant F dénotes 
the strength of the coil's fieid at the magnet pote, and may 
be determined by comparison with a Tangent Galvanometer. 

279. Frop. XIX. To flsd tho throw of a galvanometer needle 
oving to the passage of an Instantaneons electrlc dîscliaige 
thiDogh it. 
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If the strength of current at any instant be i, and last 
for a short interval t, we hâve by Art. 2C1 

Jtf being the moment of inertia of the m£^et, Vi the strength 
of the field, and G the moment of the magnet. 
But tV = q the quantîty tranamitted ; 
.-. 31 {fi>' -0,)= GTq. 

We assume that the discharge takes place so rapidlj 
that the magnet does not move sensibly from its position 
of rest while the current lasts. Hence the field will during 
the whole diacharge be perpendicular to the magnet. In 
this case we can add both sides of the last équation during 
the whole discharge, and we hâve, if w,, be the impulsive 
angular velocity and Q the quantity tranamitted, 
Ma.^GVQ, 

But by Art. 265 if an angular velocity w„ be imparted 
to the magnet, and if a. te the throw of the needle, 

6), = 2 sin 
.-. G'rg = 2sin 

If T be the time of a single vibration of the needle under 

the E^rth's magnetisi 

/^; (Art. 266) 

„ 2S r . a 
■■«=T-V"°2- 

If the constants H, T, T, are known, this équation gives 
us a raeaus of measuring any electrical accumulation. In 
practice, however, it is usual to hâve condensers of knoira 
capacity, which cah be chargea by a battery to a known 




n 
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potential, and then for any other accumulation the quantities 
will be proportional to the sine of half the angle of throw. 

' CoB. This method is applicable to meaeure a total in- 
duced current since it lasta but a very short tiine, and tbis 
ÎB ail that is assumed ia the precedîng investigation. 

280, Prop. ZZ. To expiais the actlott of the Sead-beat 
Oalvauometer. 

In a galvanometer with the needle swinging inside the 
coils, the movement of tbe pôles produces an induced current 
which ' dampa ' the swing, or, in other words, producea a 
field whose action on the needle opposes its movements. 

Since the two polea inove in exactJy opposite directions, 
their separate eflects will be aimply added. The strength of 
field produced by the induced current ia found to be in- 
creaaed by increasing the number of tums in the galvano- 
meter coïl, and if this number be made gi-eat enough it 
may entirely check the free vibration of the magnet about 
its position of reat after tbe electromotive force producing the 
lirst elongation has sunk to zéro (see Art. 243), The conae- 
qaence of this will be, tbat as the needle retums from its 
first elongation, the motion is so much damped tbat it 
merely retums slowly to its position of rest, never passing it, 
50 that the motion ceasea to be one of oscillation. 

This form of galvanometer is extremely uaeful in marine 
telegraphy, as it would be higbly inconvénient to wait for 
the needle'a retum to rest between two consécutive signais. 

Thèse galvanometers are very expensive, owing to the 
enonnous number of wînds required in the wire coil. Their 
résistance ia often as much as 30,000 or 40,000 ohms. 

281. Frop. XXI. To find the strength of the current In Dele- 
zeniLe'B clrcle. 

This circle consists of a circular wire rotating about an 
axis which is fastened to a frame-work, and can be adjusted 
to any position, The current is induced by Terrestrial 
Mt^etism. 

1. Let the axis of rotation be perpendicular to the line 
of the dip, and let the mc^etic intensity be H, 
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If A be the area of the circle, the number of liaes of 
force included when the plane of the circle is perpendicular 
to the dip is HA. On tiimîng the circle round its asia the 
Dumber of Unes included decreases, till after a quarter of a 
révolution it becomea zéro, and after haif a révolution — SA. 
The total current during the half révolution is measured by 

— n - , where S is the résistance of the wire. 

From thia point the number of Unes of force increases 
again, and the induced current would be in the neit half- 
revolution of the same strength, but in the opposite di- 
rection. To obviate this a commutator is arranged, so that 
wheu the circle in its révolution comes to this point, the cur- 
rent through the galvanometer is reversed. Hence the total 

current through it during one révolution becomea — =- . 

If the circle make n révolutions per second, the measure 
of the quantity transmitted per second, or of the current, is 
énRA 

M ' 

2. Let the axis be iaclined to the line of the dip at 
an angle 9. The only différence will be, that the only part of 
the Earth'a force eflfective is that perpendicular to the axis 
of révolution, and we bave therefore to write if sin^ for // 
in the precedîug resuit. 

Cor. By increasing the number of turns of wire in the 
circle we increase the number of lioea eut through in the 
same ratio, but we also increase the résistance in the same 
ratio. R however contaios the résistance of the wire coils 
and of the galvanometer employed, so that if the résistance 
of the galvanometer be large compared to the resîatance 
of the wire coila, we increase the current by increasing the 
number of turns; but if the galvanometer résistance be small 
compared to the résistance of the circle, we do not increase 
the current by multiplying the turns, 

282. FTop.XXn. ToexplainthaactioBofTIiomsoB'selectiic 
cnrteat accumalator. 

Coo'ilc 
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This coDsists easentially of a circular plate revolvipg 
about an asia parallel to Hnes of magnetic force. The plate 
at one point makes contact with a fixed spring or mercury 




cup as -T, and the circuit îs completed by wires TA, AB, BC 
~BC being forked so as to make contact with the axia C 
without iûterfering with the rotation of the ptate. 

If the plate be rotated in the direction of the arrow, and 
the Unes of force be downwards, tlie induced current will be 
in direction GTAB round the closed eircviit The motion 
of GT clearly opposes the electromagnetic repulsion betM'een 
the parallel and opposite currents OT, AB. This motion 
will therefore coostantly tend to strengthen the induced 
eurrent. 

Let CT turn through an angle 6 in time t so that 

= (1), the angular velocity of the plate, and let a be the 

radius, the area traced out by the moving conductor CT is 



The strength of the field is made up of H the magnetic 
strength, and — the strength of the field due to the electro- 
magnetic action of AB, i being the current-strength, and c 

the distance BC (Art. 272). 

Hence the electromotive force in the circuit (Art 244, 
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=!«•?(--?) 



TheD, as ia Art. 240, the equatioQ for the current wjll be 

when B is the whole résistance, aod i' the current-strength 
at the end of the smalt interval t. 

The case of spécial interest is whea ff= 0, supposiiig 
that after the cuireot has reached a certain value % the 
magnetic field is reduced to zéro. For this case 

'^t\ = Ei^r + 2Li(i'-i); 

.-. (^--R\T = 2L^^=2L\ogi 
= 2LQ.osi'-\ogi). 

If 1, he the initial value, and i the value after a time 
t, we hâve on summatiou 

-— — .(=2iiog-;, 



o'»-Ka 



increasiug in compound interest ratio, 

2S3. Prop. XXni. To find tlie value of the Tolocity whlch 
détermines tlie ratio between the diAerent electrlcal nuits in 
electroBtatic and electromagnetlc measuie. 

We hâve shown in the previous chapter that thia ratio ' 
is a velocity which is independent of any System of funda- 
niental units adopted. 
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Of the numerous methocU which h&ve been employed, 
we give two, the priociples of which wîll be eaaily under- 
stood. 

Meihod 1. To compare directly the charge of a con- 
denser in electrostatic and electromagnetic measure. 

Let a condenser be conBtnicted of 8ucb material and 
form, that ita capacity can easily be calculated in electro- 
static measure. By meana of a battery this condenser can 
be charged to a potentîal, which can be measured by an 
electrometer in alrâolute electrostatic measure. The quantity 
in electrostatic measure, if C represent the capacity, and 
y the potential, is given by 

e-cF. (1). 

Dîscharge the same condenser througb a galvanometer. 
Then by Art. 279, if Ç be its charge in electromagnetic 



r V 



..(2), 



then by Art. 255, %=v, and the value of v becomes known. 



e 

284. Meihod 2. To compute the value of v in terms of 



We hâve shown in Chapter ix. that in electromagnetic 
measures résistance ia of the same order as a velocity, and 
we defined the ohm as a velocity of 10* cm. per second. 

This method, due to Professor Clerk Maxwell, requires 
the uae of a battery of very high electromotive force and 
a aet of higb résistances. 

Two brass plates are placed so that one ia moveable, and 
are tept at a certain différence of potential; there is in 
conséquence an electrostatic attraction between them. On 
the back of each of thèse plates is coiled a wire, so that 
the battery-current goes in the two wires in opposite direc- 
tions; there will tben be an electromagnetic repulsion be- 
tween thèse currents. , „,|,^. 
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The method coosists in so adjusting the résistance aad 
distance of the plates that this attra<:tioii and repulsion 
shall balance each other. 




Let A, A' he the dises, B the batteiy, and C the large 
résistance. The current from the battery goes through the 
two coils on A, A' and through the large résistance Îd C. 
Hence if jE be the différence of potentialat the estremlties 
of C in electromagnetîc measure, the current-strength is 
given by 

Hence the répulsion between the two dises will be I 

where k dépends on the geometry of the coils, and can only 
be computed by approximate methods. 

To bring the brasa plates to a différence of potential, 
they are connected with the terminais of 0. This différence 
is theo in electromagnetie measure E, and therefore in elec- 

trostatie measure -(Art. 255). 

"We bave shown (Art. 95) that the attraction between 
the plates is 
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ifhen a = the radius of each plate, and b » tJie distance 
between them. 

Heoce when the adjustments are completed, 
-E'.a'_ £» 
Si;"*' "M'' 

■ y- "^ R 

2jtK.b ' 

which gives v in ternis of R, and R being measiired in obtins 
eau be at once converted into velocity on multiplying by 10". 
A complète account of tbia nietbod, whicb ïs due to 
Prof Clerk Maxwell, together with tbe varîous adjustments 
required in practice, will be found in PUil. Tram, for 1868. 

285. The résulta obtained by tbese and other methods 
give numerical résulta not very discordant, varying between 
282 and 310 million mètres per second, tbe mean being 
nearly 300 million mètres per second. The remarkable agree- 
ment between this velocity and the various déterminations 
of the velocity of light (which varies with différent observera 
between 298 and 314 million mètres per second), points to 
an iutimate connection between tbe phenomena of electro- 
magnetism and light. Prof. Clerk Maxwell bas developed a 
theory of light, endeavouring to sbow on mechanical prin- 
eiples that the médium through which electromagnetic 
actions take place may be identical with the œtber which 
transmit» the vibrations of light. 



Examples on Chapter X. 

1. Show that tbe Moment of Inertia of a thin circular 
wire about an axis through its centre and perpendicular to 
its plane is Ma*, where M is its mass and a its radius. De- 
duce the Moment of Inertia of a broad circular annulus about 
aa axis perpendicular to its plane through its centre. 

Atis. J m {a* + 6'), wbcre m = the mass, and a, b the ex- 
teinal and internai radii. (Cf Chap. I. Ex, 36.) 
20—2 
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â. Fiad the Moment of Inertîa of a tbln straight bar 
about aa axis through oue extremity. 

Ans. ^ mV, Trhere m is the mass and l the length. 

3. Find the Moment of Inertia of the satne rod abont 
its middie point. Ans. -^ ml'. 

4. Show that the oscillations nnder gravity of a bar 
freelj suspended by its end will be synchronous with those of 
a fine stnng two-thirds the length, haviag a particle at its 
extremity wbose mass ia equal to that of the bar. 

5. A magnet A is placed so that its axis produced, 
bisects at right angles the axis of another magnet B, the 
distance between their centres being great compared to their 
lengths, Make an approximation to tlie couple produced by 
A OQ B, and that produced by B and A. 

lattiT, 

~tf~ 

of A and B, c the distance between their centres, and 
mm' their magnetisms. 

6. A long magnet acta on a small compass-needle placed 
on its axis. Find the error produced by it on the compass 
in différent directions of the disturbing magnet 

7. A long magnet acts on a small compass-needle placed 
in the line bisecting its axis at right angles. Find the error ■ 
produced by it on the compass for différent directions of the 
disturbing magnet. 

8. One end of a mi^et is prolonged by a thin stem of 
gumlac which carries a small pith-ball, the other end having 
a counterpoise. An equal bail is so fixed that the two are 
just in contact when the magnet is in the meridian. The 
two balls are electrified to a potential V, and the magnet 
is observed to be deHected through au angle 22 ; show that 
r" varies nearly as (sin a)'. 

9. A hoje is pierced in a card through which passes a 
straight wire carrying a current Iron filings are sprinkled 
over the card, and the card gently tapped. Find the forrn 
aasumed by the iron âlings. , 
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10. If a magDet be placed anywhere in the raagnetic 
field due to a straight current, show tbat the magnet has no 
tondency to rotate, as a whole, round the current. 

11. Deduce the principles wbich guide us in experi- 
meiits on the rotation of a magnet round a current, and a 
current round a magnet. 

12. In the experiment oF the last question, show that the 
whole amount of work spent in each rotation of the magnet 
pôle round the current or vice versa ia 4nrmi, where m is 
the str&ngth of tho pôle and i the current- strength in the 
condnctur, whose length ia supposed to be innuite. 

13. A magnet îs suspended in a horizontal plane so as 
to be free to move about ils south pôle, and a vertical current 
is approached towards it. 

(i) The conductor being outside the cîrcle described by 
the north pôle, show tbat the north pôle will be driven by 
the current to rotate in opposite directions through portions 
of the circumference bounded by tangents to the eircle froni 
the intersection of the plane of the eircle by the conductor. 

(ii) The conductor being within the same eircle, the 
direction of movement of the north pôle will be in ail parts 
o( the circumference the same. 

(iii) The conductor being on the cîrcuraference of the 
1 eircle, show that the rotation will be always in the same 
' direction. 

1(iv) Show that no permanent rotation of the magnet 
can be produced by this means. 

14. A magnet iV'iS ia supported at its middle point, and 
a conductor carrying a downward current cuts the horizontal 
plaae at 0. 

(i) A eircle is drawn about the triangle ONS, and a 
diameter drawn through 0. From N, 8 perpendiculars Na, 
Hb are drawn on to thia diameter. Show that in ail 
positiona the moment of the forces on the magnet turning 
ils north pôle in a direction right-handed to the conductor is 

Irn^^iSb + Na), 
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G beÎDg the momeut of the magiiet, and the plus sign bein^ 
emplnyed when the perpendiculars fall on the same aide of 
the diameter. 

(iî) If the coDductor eut the circumference of the circle 
of whîch the maguet is a diameter, there is no tendeocy to 
rotate tbe magnet. 

(iiî) If the conductor be outside the circle, the direction 
of rotatioQ is govemed by that of the more remote pôle. 

(iv) If the conductor be within the circle, the direction 
of rotation is govemed by that of the nearer pôle. 

(v) If the conductor be placed on the line bisecting the 
magnet at right angles, the rotative force wil! be nil. 

(vi) If the field be divided by the circle of whîch the 
magnet is the diameter, by tbe magnetic asia produced, and 
by a line biaecting it at right angles ; show that on crosaing 
any of thèse Unes if on one side the current appear to attract 
the north pôle of the magnet, on the opposite side it appears 
to repel it. 

(vii) Draw a diagram showing in what positions the 
conductor appears to attract the m^net, and in what positions 
it appears to repel it. 

15. Show that in measuring a current by a sine galva- 
nometer if the current be stronger than a certain limit, 
it will be necessary to shunt the current before meaauring it. 

16. If a tangent galvanometer be arranged so that 
it can aiso be used as a sine galvanometer, show that any 
current producing more than 45" deflection in the instrument, 
when used as a tangent galvanometer, must be abunted 
before being measured by it as a sine galvanometer. 

17. In Helmholtz'a arrangement for a tangent galvano- 
meter, ehow that the greatest degree of constancy of niagnetiu 
field along the axis near the magnet will be when tbe 
distance between the coils is equal to the radius of either coil 

18. Show that in the galvanometer of the last question 
the galvanometer-constant is given by F = — jJ^ , where a 

the radius of the coiL C(^(^';lc 
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19. A fiitite wire carrying a current is perpendicular ' 
to and on one side of an infinité wire also carrying a current. 
Find tbe magnitude and direction of the force exerted by 
the latter upon the former wire. 

Ans. 2u'log^, wheie i, t* are tbe current-strengths, 

and y^. y the distances of the enda of the fiaite from the 
infinité wire. The direction will be parallel to the current 
in the infinité wire when the current in the perpendicular 
wire is away from it 

20. If the length of a hélix be forty times its diameter, 
show that the strength of the magnetic field within it varies 

about one-thousandth part through ^ of its length. 

21. A helis A is placed with ita axis perpendicular to 
the meridian, and a short magnet B is suspended at a point 
on its axis produced, the magnet being deflected from tbe 
meridian by a current in the hélix, Another magnet G 
is now placed with its axis along the axis of the hélix 
produced and moved about till B is again in the meridian. 

If 2i' be the length, and Q the moment of G, 2/ the 
length, and Ai the moment of A (i being current-strength), 
II' and a the distances of the middie points of A and C from 
the suspension of B, then show that 

gf 1 1 ]-^^'f ^ ^—\ 

22. A current is generated in a circuit and the electro- 
motive force suddenly removed, find the law of decrease of 
current. 

Ana. If \ be current at first that after a time ( is 

R , 

V ^ . 

23. A small sphère of soft iron is suspended at one end 
of a lath, which is counterpoised and delicately suspended 
at a point near the other end, so that the sphère moves on 
the arc of a large cîrcle which may be considered approxi- 
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niately a atraight lioe. Two opposite magnet pôles of diffe- I 
rent strengths are placed at différent points on the same side 1 
of the sphère in its Une of motion. Find the positions of 1 
unstable and stable equilibriuin. | 

Ans. Unstable wben the distances from the pôles are 
in the ratio of the square roots, but stable when in the ratio 
of the cube roots of the strengths of the polea. 

24. The same sphère moves along the line which bisects 
at right angles the distance between two equal and similar 
magnet pôles. Show that there is a point of stable equili- 

brium at a distance — ^ on either side of the line îoinins 

2J-2. ■' 

the pôles, a being the length of the line. 

25. The strength of the magnetîc field at any point 
within a plane circulât current whose strength is unity is 
given by the perîmeter of the ellipse concentric with the 
circle, and which has the given point for focus, divided by 
the square on the semi-minor axis. 

26. If the point be outside the circular current the 
strength will be the defect from its asymptotes of tbe con- 
centric hyperbola, which has the given point for focus, divided 
by the square on the semi-conjugate axis. 
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CHAPTER XI. 



THERMO-ELECTRICITT. 



286. In the cases we hâve hitlierto considered the 
energy of a voltaic current is derived either from chemical 
action (as in a batterj) or Mechanical work (as in a dynamo 
engine). In the currents we hâve now to consider the energy 
is derived from the unequal heating of the ditferent parts in 
a eompound circuit, the passage of the current causing au 
absorption of beat at some parts, of the circuit in excess of 
that evolved at other parts. 

The laws regulating the developraent of thèse currents 
hâve been dkcovered by a séries of experiments, the results 
of which we now proceed to atate briefly. 

287. ExPEHiMKNT 1. Seebeck discovered that if bars of 
tiw metals (bismuth and antimony) were soldered at their ends 
and the juncHons brought to différent températures an electric 
current Jlowed round the circuit; flowing through the hotjunc- 
timfrom bismuth to antim/my, 

Seebeck coucluded that the electromotive force of thîs 
current was proportional to the différence of température at 
the juDctions, a resuit only true for smal) ranges of tempéra- 
ture, ualess the meau température be kept constant, 

288. ExPERiMENT 2. Peltier discovered that if a current 
(from a battery or dynamo-engine for instance) be sent 
tiiTouyh an arc of several metala heat is absorhed at some 
juncHotiS and emitted at others; the émission and absorption 
iewi^ etmctly reversed by reversing the direction of the current; 
the quantités of thèse thermal actions being proportional to 
the current strengtii. 



314 THERMO-ELECTRICnr. 

This observation has led in the hands chiefly of Thomson 
anil Tait to a theory of Thermo- electricity founded on the 
law3 of Thermo-dynamica. 

Suppose an are of différent metals to hâve its tenuiDals 
of the same meta! at the same température and suppose 
between thèse terminais a constant Electromotive Force F \n 
established, eausing a current of strength i to pass round the 
circuit. The onergy per unit time sent into the circuit is 
tlierefore Fi. This is partly nsed up in frictional génération 
of heat whose amount by Ohm's law is Ri^ and partly in 
beat absorbed or evolved according to Peltier's law (though 
not entirely due, as we shall see, to the Peltier effect). Let 
the total amount of heat absorbed per unit current per unit 
time be denoted by A, that actually absorbed will be Ai per 
unit time. 

Hence Fi = —JAi + iîf, 

t/'denoting as usual, the mechanical équivalent of heat, 
. F+JA 
■■*- R ■ 

The form of this expression sbews that the effective E.M.F. 
of the circuit is F+JA, If this vanish the impressed e.slf. 
just balances the Thermo- elcctro- motive Force: or F=~JA. 

Hence if E be the e.m.f. of any Theruio-electric arrange- 
ment, and 2/f be the sum of ail the beat absorbed or evolved 
per unit current per unit time, according to Peltier's law,a.ad 
counted positive when evolved, 

B+JXH = (1). 

This eq\iation ia the application of the first law of Thermo- 
dynamics to Thermo -electricity, Since the quantities of 
heat in équation (1) are ail reversed in sign by the reversai 
of the current; if this were ail the heat developed in the 
circuit, it would obey Carnot's law of reversibility, on which 
the application of the second law of Thermo-dynamics dé- 
pends. If the section of the eonductor be large and the 
current i be small enough the term Rt" depending on the 
square of i may be neglected in comparison with —Ai which 
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dépends on ». On thia supposition we may apply to the 
Bjstera the second law of Thermo-dynamics, which leads to 
the équation 

Sf-O (2), 

where the éléments of 2 -^, repreaent the quotient of each 

quantity of heat in (1) divîded by the ahsolute température 
at which it is evolved or absorhed. 

289. ExPERiMENT 3. /( was skown by the îate Prof. 

J. Cumming tkat for copper and iron there was a certain 
température (about 284* 0.) at wkich the Peltier effect vanisked, 
80 ikat the metals are at that température neutral to each 
other, and if one junction be kept at this neutral température 
the carrent is in the same direction whether the second junction 
be at a higher or lower température. 

From this observation Thomson argues thus. — Since in 
every thermal engine the energy is derived from an absorption 
of beat at the botter part in excess over that evolved at the 
colder, the energy of the Thermo-electric cnrrent, so far as it 
dépends on the Peltier effect must be due to an escess of 
heat abaorbed at the bot junction over that evolved at the 
cold junction. If thereforc the hotter junction in an Iron- 
Copper couple be kept at the neutral température, the 
Peltier effect must give an évolution of heat at the colder 
junction, and we sliould bave a Thermo-electric cnrrent 
without any absorption of heat : unless there be in thé 
IroD-Copper circuit an absorption of heat, distinct from the 
Peltier effect at the junctions; though like the Peltier effect 
réversible with the current, This can only consist in an ab- 
sorption of heat when the current passes trom a hotter to a 
colder part or vice versa in one or both metals. Thomson 
bas shown by numerous experiraents that in an unequally 
heated copper conductor electricity behaves analogously to a 
real fliiid, tending to reduce the différences in température, 
while in an iron conductor it tends to exaggerate them. 
This " Thomson effect " is sometimes known as Electric 
Convection of Heat. 
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290. ExpERiMENT *, Sir W. TTtomson showed iha 
generally in an unequally Iteated body tkere îs an absorptioi 
or évolution of keat ovnng to the passage 0/ a current from colc 
to hot or from hot to cold; tkis effect like Peltier's, beiv^ 
réversible witli the current. 

ExpERiMENT 5. Magnus showed tkat no current can J« 
produced hy any variations of température in a circuit oj 
a single komogeneous conductor. 

Thèse experiments give us means of measuring the 
quantities of heat (H) in équations (1) and (2) which must 
include those due both to the Peltier and Thomson effect. 

291. To measure the Thomson effect we first observe 
that in a homogeneous circuit, if Q^^ dénote the quantity of 
heat absorbed per unit time by unit current goiog from a 
place of hîgher absolute température x to one at lower 
absolute température y in direction from x to y; ©^, 0„, 
simtlar things for other parts of the circuit aupposed to 
consist of oniy one métal, the whole heat absorbed by unit 
current in the complète circuit 

= ®« + ®» + Q«. 

and this will equal the whole electro motive force in tbe circuit 
which by Magnus' resuit must vanish, 

.-. 0^ = 0„-0„, 
showing since z ia arbitrary tbat tbe Thomsoa effect in any 
homogeneous arc is represented by tbe différence of aome 
functioQ of the température at one end and the same function 
of the température at the other end. We may write this 

(è,, = if>{a:)-<l>(y). 
It was suggested by Prof. Tait and confirmed by experi- 
ment, in tbe case of most metals within the ordînary range of 
température, that the forrn of ^ (x) might be for any one 
métal ^k^a^, wbere k^ is a constant depending on the par- 
ticular kind of métal; positive for metals like copper ami 
négative for metals like iron. Thus 

e..-it(«'-j(') :(2) 



=*.(»^-rt(î±*i„„^^l. 
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If x-yhe small and --- - = T, the mean température, 

we hâve for the Thomson effect per degree of température at 
mean température T, k^ T. 

lo equatioQ (1) the terms due to the Thomson effect wiU 
be of the form W^^. In équation (2) we must compute the 

value of -^ for the heat evoWed from each élément of the 

circuit. Let then H be the heat evolved from an élément 
whose terminais differ in température by a very small quan- 
tity T. By the last équation H = k^ Tt, where T is the 
absolute température of tUe élément. Hence each term in 

X -yp will be of the form k^r, and the irhole term corre- 
sponding to the métal a will be 

tKr = k^{x-y) (3) 

and similar terms for the other metals. 

The Thomson effect per degree of température is often 
called the Spécifie Heat of Electricity, and it is formed by 
multîplying the coefficient £„ for the métal, by the absolute 
température. 

292. To measure the Peltier effect we will dénote by II, 
the quantity of heat evolved in unit time by the passage of 
unit current acroaa a junction of two metals at the absolute 
température t. 

293. Our équations (1) and (2) derived from the first 
and second laws of Thermo-dyn amies may now be written 
respectively ; 

E-\-J[t.Tl,~\tk{a?-y'')]=<i (A). 

..(E). 

294. Flop. I. If any circuit of différent metals be throngbont 
at the same température tbe sum of tha Peltier effects at the 
jonctions vauialies. 
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In this case x = y = t'm&]X terms of (A) and (B). Hence 
iQ (B) 

s5î=o,or^sn.=o, 

or the sum of Peltier eÉfects vaDÏshes. 

295. Fiop. IL To express ni as a fonction of x and constants. 

Let the circuit consist of two metals a, b, and let the tem- 
pératures of the junctioDS be a:, y, and suppose the current to 
pass from a io b throiigh the junction at température a;. 
Supposing the Peltier effect positive at this junction it will 
be négative at the opposite. 

Hence équation (B) givea 

-(K- 1.) (."-!/) 
This shows that for ail values of a> ' 



{K —K)x=a. constant = C, suppose. 
tral 

tn, 



Let T^ be the neutral température, at which the Peltier 
effect vanisbes ; so that ITj, = when a; = 2"^ 



•■• n.=(i,.-i.)(.-rjx. (4). 

296. Frop. m. To prove that for an; three metals a,b,c 

{K - h) ïU + (h - h) T^ + {K - -tj r^ = o. 

For distinction, let us suppose the Peltier effect at the 
three junctioos, ail at the same given température, to be 
denoted by 11^, Ti^ U„ reapectively. ^ j 
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We bave ahewa Prop. (i) that when température is 

constant 

Substitute for 11^, lit,, lï^ their values from(4!) and"dividîng 

tfirough by x 

[K - h) {x - TJ + (k, - k^l (œ - TJ) + (k, - k,) (o! - TJ = 0. 

{k,~h)T^+{k,-k,)T^ + {k,-k,)T„ = 0. 

297. Prop. IT. To express tbe E. M. F. for a circuit of two 
metals with jnnctloiu at givea temperatnies Is temu of tlie tem- 
pwaturea and constants. 

Let as before the températures of the junctîons be x and y. 
Equation (A) gives us 

-§-n.-n.-j(i.-«(»'-y) 

.{i.-*.)X-j'-To6(»-y))-}(J:.-i.)(^-y) 

. (t - k) (.-y)(îi^- Toi) :....(5), 

whicb gives the E. M. F. tequired. 

CoB. Suppose x—y — T, a very small quantity, and 
— S-- = T, the meaii température ; 
then we hâve 

(6). 



différence of température between the bot and cold junctions, 
which bave tbe mean température T. This may be called 
the thermo-electric power of the pair a, h at température T. 

Def. The Thermo-eleciric power of a gtven pair of metals 
ot given ntean température is the electromative force of the 
Tlûrmo-electrio circuit per degree différence in température of 
Ûte junctions. 
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298. Prop. 5. The snin of tha tharmo-electric powers at tbi 
aamfl temperatnre of threa metals talceu two and two vanishes. 

Let us dénote the thermo-electric power of the pairs o: 
metals at given température by £(a, b), E(b, c), E(c, a). 

Tben Eia,b}^J(k,~k,)(T^,~T) \ 

E{h,c) = J{k,-k,){T^-T) I 

E(c,a) = J{k.~k:j{T^-T), 
on addition, and by help of Prop. III. we ses tbat 
Eia,h)-\-Eih, c) + E{c. a) =0. 
Cor. This resuit may be written 

E{a,h) = E{a,c)-E(b,c) (7), 

which sbows tbat the tbermo-electric power of two metals is 
the différence of their separate thermo-electric powers referred 
to any third métal, 

299. We will now explain a graphical metbod of jn- 
dicating the thermo-electric properties of a circuit first 
euggested by Sir W. Thomson and developed by Pro£ Tait. 

Let E, dénote the thermo-electric power of two given 
metals at température (. Then équation ((>) may bé -written 



E,_ 



If we represent by abscissœ températures counting from 
absohite zéro, and by ordinates the values of z and z' in (8), 
eacb équation represents a straight Une, and the thermo- 
electric power bears a constant ratio to (and may tberefore be 
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■leasured }>y) the différence of the ordînates of two given 
itraigbt lioes, corresponding to the same abscissa. 

We may stîll furtber simplify the construction if we can 
find a met^ in which the ThomBon effect is nil. Le Boux'a 
observations tend to show that this is the case in lead. In 
this case if b represent lead A, = 0, and therefore / = 0, and 
the thermo-electric power of every métal referred to lead is 
given by 

-5.t.C(-rj (9). 

If then we call the line of abscisste the lead line we can, 
after determîning from observation the values of k^ and T^ 
for each métal, construct the line represented by this équa- 
tion for that métal and thus find grapbically tne Thermo- 
electric Power of every métal referred to lead. And by 
applying Prop. V. Cor. we see that the thermo-electric 
power of every other pair of metals can be at once obtained 
from the diagram by measuring the différence of the or- 
dinales for those metals corresponding to a given abscissa 
or température. 

300. Let us construct the diagram for two metals, the 
line AB representing copper in which k, the coe£Bcient of 
the Thomson effect, is positive, and CD representing iron in 
which k is négative, and the line is therefore inclined in 
the opposite direction. Thèse will intersect in the neutral 
point corresponding to température 284° C. In drawing 

the figure — r-' is made the ordinale, which therefore repre- 

Bents Thermo-electric power with sign reversed. Thus lead 
ia positive to any métal where itâ ordinate is above the line 
ofaî ■ 



Let us consider a circuit made by a junction BD baving 
a température OQ, and anotber junction AO, having a lower 
température OP. 

We can now give a geometrîcal interprétation to the 
équations we hâve proved above. 
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[ (i) DenniJDg iron by a and copper hy b in the above 
Enotation, and the températures OP, ÔQ by w, y respectirely, 
we bave 

DQ~Jc,(T^-x) and SQ = k,{T^-x) 

CP=K{T^~y) and^P-itCr^-y). 

Eqnation (8) shows tbat the thermo-electric power at 
température 0^ is BD and at température OP \s Av. 

(li) By équation (2) the Thomson effect in the copper 
ia given by 



».-*.<-») (îiJ!) 



-{K(T^-v)-K(T^-')\'^ 



2 
.OJ? OP+OQ^g^ OF+OQ 



6y dmilar reasoiÙDg tbe Tbomson eSect in AB îa givea 
by - area ABNM, the minus sign arising from the factor 
[A.P-BQ). 

(iii) By équation (4) the Peltier effect at température 
X is giveu hy 

n.=('.-«(«-îU)» 

•'OQ{BQ-DQ] 
= -OQ.BD 
= -BieiiBDSN. 

Similarly the Peltier effect at the juuctiou AC will be 
given hy + area ACTM. 
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(iv) For the E.M.F, of the circuit we.have bj équation (5) 

■ =hPQ.(BD + Aa) 

= a.K&ABDC. 

(v) For the direction of the current we need only notice 
tliat it must cause au absorption of beat at the hot juuction. 
Referriug to Art. 295 we see that II, is deiiued iu the type 
case as " the quantity of beat evolved by unit current in 
passing from a to h.' The above investigation shows that 
n, îs positive at the cold junctiou and therefore the current 
passes trom iron to copper througb the cold juuction and 
from copper to iron througb the hot junction. It ia in fact 
in the direction of the arrows, circulating round ABDC in 
the positive direction of angular measuremi3nt, 

301. Before leavhig the diagram it ahould be noticed 
that the original assumption of Art. 291 that £ is a constant 
at ail températures for the eame métal bas never been 
demonstrated by experiment. Should it ever be proved 
that i ia a function of the température équations (8) wiil 
no longer represent stràight lines. It is however certain 
from experiment within ordinary températures that (k^ ~ kf) 
the coefficient for the E.M.F. of a circuit formed of two metals 
{Art. 297) is independent of the température. Thus our 
straight iiued Thermo-electric diagram could be converted 
into the true diagram by a simple ahcar parallel to the 



302. Thèse temarks must be strictly confined to ordi- 
nary température, or about from — 18' C. to 350° C. Pro£ 
Tait experimenting at higher température haa shown in 
the case of at leaat two metals, iron and nickel, remarkahle 
aberrations. With référence to iron be says (Rede Lecture, 
1873, Report in Nature, Vol. vm. p 122), "The cause (of the 
'rregulanty in iron) is this, that while, as Thomson discovered, 
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the spécifie heat of iion îa négative at ordinary températures, 
it becomes positive at sorae température near low red heat ; 
and remains positive till near the meliîng point of iron, 
when it appcajs possible from some of my expérimenta that 
f it may again change aign." Thus the Une for iron in the 
diagram at a high température bends upwards, and possibly 
at a still higher température, but before its melting point, 
bunds downwards a^in. It thus appcars on the diagram 
that iron becomes neutral to copper and to lead each at 
two différent températures, and possibly to a compouud of 
platinum and iridium at three différent températures. 



Examples ok Chapter XI. 

1. The neutral températures with lead of zinc and iron 
are respectively — 95° C. and + 356' C, whîle the coefficients 
of speciiic heat {k) for the same two metals are lespectively 
+ -00122 and - -00247. Calculate the neutral point of zinc 
and iron. Ans. 207° C. 

2. At 20*0. the thermo-electric powers relatively to 
lead expreased in microvolts are found to be for copper 1-5, 
and for iron I7'5 while their neutral températures relatively 
to lead are — 132° C and + 35G° C. Calculate the coefficients 
of spécifie heat on this scale. 

Ans. For copper '0098, and for iron — -052. 

3. From tho same data as question 2 calculate in 
microvolts the E.M.F. of an iron-copper pair whose junctions 
are respectively at 0° C. and 100 C. 

Ans. 1489 microvolts. 

i. Shew that in an iron-copper pair if the cold junction 
be kept at a fixed low tempemture and the other junction 
be heated the current will gradualiy rise, reach a maximum 
and then gradualiy sink again. What ia the température of 
the maximum ? 
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5. Tbree wires A, B, G of différent metals and résist- 
ances a, b, c are soldered together at two juDCtîons wbich a.re 
maîntaîned at two difièrent températures. If /, be the 
current whea A is eut and ï^ the current when S îs eut, 
shew that the current in G when ail the wires are con- 
tinuous will be 

a{b + c)I,+b(a + c)I , 
ah + bc + ca 

6. If the arc C contains a galvanometer of large résist- 
ance compared to a and b, shew that the current in îs 

al. + bl, 

a + b ■ 

7. If E, E' be the thermo-electiic powers of the wires 
A, B in question 6, relatively to lead, the thermo-electric 
power of the compound wire A, B wili be 

aE' + hE 
a + 6 ■ 

8. Hence shew that the line for the compoond wire 
A, B in the thermo-electric diagram passes through the 
neutral point of A, B and by properly adjustîng the ratio 
a : 6 can be made to take any required position between the 
Unes for A and B. 

9. A couple is made of platinum- iridium (in wbich the 
Thomson effect vanîshea) and îron. Each junction is kept 
at one of the neutral températures of platinum-iridium and 
iron. Discuss fully the thermal conditions of the circuit. 
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BOoia IV.-IX BdiMd brRW. ILkciK, M.A., BeadeTlDAuclent Hiitorrln 

tilt OnivMiity of Oriord. Sïo. [In prtparation. 

THB HISTOBY. Tmulkted hj Q. C. Kxoiirui, H.A. 2 toIi. Ci. Sto. ISl 

_ — u,Tui Lut, LlttD. 8ïo. Booka L-XII. lli. 



t, H-A., Ptofesaor ot 
iwLab -- ■ - - 

Qt^Derosm. ISmo. Il (Literatun PHmefB.) 
HOUEBIO CICTIONABT. TwisUted trom tbe Gunun of Dr. Q. Adtehbibth 
bï B. P. Kmp, Pb-D. nloBtrïted. Cr, 8ïo. M. 
BOBAOB.— TiBBBliitedbT J. LoHBDALE, H.A., &nd S. LiK, H.A. Ol.Srs. Ïl «d. 
BTUDIEi LITBaABT AND HiaTOBICAL. IN THE ODEH OP HOBACB. 

JUTEMAL.— THIBTEBN SATIBEs" OF jnVBNAL. By Johh B. B. MiToB, 

M.A., ProfesBor of L»On In the UnlTeraity of CUBbtWge, Cr. 8ïo. S mil. 

ID9, éd. Mcb. VoL L 10>. «d. Vol II. lOi. éd. 

TETBTEEN aATIBES, TrsDalated br *'" Liefir, H.A., LL-D., Wuden of 

Trinlty CoUege, Melbonms, Cr. 8ïo, as. «d. 

STBSIAB.— THE FRAQUaNTS OF THE FBBSIKA OF ETBSUa. Br Jobh 

GlLUORB,M.A. Sv" '• " 
LIVT.— BOOKH I.-IV. 
B00K8 KSI.-XXT. 

•DJTBODDOIION TO THB 8TCDT OF LlYT. B» Bbt. W. W. ClPBB, H.A. 

Fcsp. Sto. 11. 6d. (CIoHiaiZ WriUrt.) 
LONGINDe.— DN THE SUBLIUB. Tranalited hj H. L. Einu, B.A. Witli 

iDtroduoOoa by Abdbiw La™. Cr, Svo. la. éd. 
BASTIAL.— BOOKB I. Ara II. OP THS BPIQRAMa. By Frof. JOBK B. B. 

Hatofi, H.A. Etc. [In UU Prcn. 

KBLBA6EB.— Firrr POBHS OF HKLKAQBR. Tisneluted by Waltib Hiad. 

UM. Pcap. Uo. Ta. Sd. 
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PAITUMUB.— DBBCRIPnON OP aREBOS. TniuUtod vlth C _. 

ta J. O. Fuhb. H.A„ Fdlov of Trlul^ Colloge, Oinibridge. [/m prtp. 

-THB NXW PHRIHICHUS; beini ■ RevtHd Tnit of Uia BcloRS 
' o PtuTnlcluu. yiSOi lotrodacUon mai Oommentuy by Bev. 
m, U.A., LUS-, Hudmutcr of Wsitmloster. Sto. ISs. 
PDnUB.— THB BXTAHT ODBS OP PINDAB. Tniul*ted bî BBKnr Htkkb, 
H.A. Or. Sto. M. 
THB OLTJIPIAS AUD PïTHIAN ODES. Bdlted, Trith an IstndnctoTT 
BiuT, by Uaail Gildehilketk, Prof«Bsor of Oreek In tba Jolma Hopkiiu 
UslvanltT, U.S.A. Cr. Svo. T*. Sd. 
TES SBUSAS ODBS. Sï J. R BuBT, V.A., Falloir of TrtDitï Ooll^, 
Dublin. Sio. lîK. 
PLATO.— PH£DO. Br R. D. ABCHntBiMD, 1C.A., Pelhnr of TiùJty OoUege, 
OunbitilgA. Bto. Sa. fld. 
PH£DO. Ev W. D. Oeddu, I1L.S., Principal of tba Uniienlly of Abardeen. 

TUIABCB. WLUi TnlulaUoii. Bf R D. Abohbs-Hihd, H.A. Bro. 16s. 
TBB RBFUBLIO OP FLAIO. Tiuialated Dr J. Ll. Diviu, ILA., snd D. J. 

TAOOBAïf» H.A. ISmo. 4t. f^A. 
BITTHTPHRO, AFOLOOT, CRITO, AND FOMDO. TiansUted by P. J. 

Ohckob. ISmo. 4a. M. 
PHADRUa, LT8IS, AND PROTAQORAS. Tniulatal bj J. WatasT, M.A. 



PLIHY.— OORRBSPONDBNCB WTTH TRAJAN. O. PUnii Ckecilil Bscnndl 
Bpiatnls td Tralannin Irapentorem cnm Bloadam RaaponBls. Bv B. o. 
Haudt, M.A 8.0. lOt fld. r- J 

POLYBmS.— THB HISTORIES OF POLYBIUS. Tiuilalsd by B. S. Sbuck- 

BUBQH, M.A S ïol». Cl. 8to. S4>. 
BALLDST.— CATILINB AND JITOUBTHA Tnuulated b^A W. FoLLaxn, B.A. 

Ct, 8vo. «a. THB OATILINB (Mpantely). Sa. 
SOPHOOLES.— ŒDIFUS THB EINQ. Tnnilatcd Into BngKah Tarse br S. D. A. 

MoBSBUD, H, A., Assistant Mastei st Wloctuatar. Fcap. Sro. Sa. Sd. 
TAOITUB.— TEB ANNALS. B7 Q. O. Holbbooee, H. A, Piodatoiof IaUu îd 
Trinity CoUege. Hartford. U.S.A With Mapa. Sro. l«a. 
THB AN'NALS. Tranalated br A. J. Cqubcb, H.A, uA W. J. Bbodaibb, H.A. 

Wlth Map». Cr- Sra 7a. M. 
THB HISTORIES. Bjr Rcr. W. A SFOomB, H.A, Falloir of Ha* CaUcga, 
OifCird. Bro. lin (Ai Pno. 

THE EISTORT. Trsiulated b; A J. Ohuboh, U.A, and W. J. BBOuaim, 

M.A WltbKap, Ct. Sro. «a. 
THB AQRIOOLA ANB QBRUAKT, WITH THB DIALOGUE ON ORATOBY. 
Ttanslated bf A J. Chitbiih, H.A. and W. J. Bbodbuib, H.A With Uan. 

Ci. Syo. 4». M. 

'INTRODUCTION TO THB STUDT OF TAOITUS. Bj A J. Chdbch, ILA, 
and W. J. Bbodbibb, M.A Pcap. Sro. la, M. (Ouifoal H'rilan.) 
TBEO0KITn& BIOH, AND UOSOHUS. Translatcd bf A. Luro, M.A. ISmo. 

4s. M. Alao an Bdlldon on Large Papai. Cr. «vo. 9b. 
TUUUIUIDB8.— BOOE IT. A Bariakin ot tha Tait, lUnatntins the Priodpal 
Cauaea of OorropUDD In the Mannacilpta of tbiB Autboi. Bf Rar. V. Q. 
RdthuioU), M.A, LL.D., HeadmastarorWasboiniter. Sro. Ta. KL 
BOOBVni. Br H. C. OooDHABT, U.A, FaUowoTTrlalbr OoUaea, Cunbrldga. 

Tmon..— Tranalatad I9 J. LONBuaLa, H.A, and S. Lb, H.A 6L Std. St. Cd. 
THB £NBID. TranalVedbTJ. W.HicumH.A.FaUowot Balllol OollKa, 
Oifoid. Or. Bïo, 7a. W. 
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geajuiab, coufosition, and fhiloloot 

ZBK^Htm.— TnmiUUd b^ H. □. DAZmi, U.A. In toar tdIj. Or. ira. ^ 
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ORAMMAR, COMPOSITION', & PHILOLOOT. 



EBY, Cor Teaclieni only. 

'Fut n., On tbe Svntu ai Hentances, irlth u Appendii, tncludlng BZSBOiaBS 
IN iAtIN miOMS, «la. ISmo. îs. KET, tjr Te«1ien only. ISmo. ta. 

BLAOKIB.-GREHK AKD HNOLISH DlALOOtnCS POB VOS TU BOHOOU 
AND DOLLZOEB. Br JOHK Smuci Bucin, EnMritni Pio(«ior of Gre«k 
in tli» Onlnnltr o^ Bdlnbiii)[b. Nto Edition. Fcup. 8to. Si. éd. 

■BRTAM8.— lATIN PBOaB BZIROISEB BASBD UPOH O^a&B'e OAUJO 
WAR. Witb ■ CUuillutiilD ol Cbui*! Chlsf PbiHei ind Qnuuniitlcal Not«i 
on CiBSu'a Uuc«. B; Cldoht BKTum, H.A., Aulatant Huter >t mUwich 
GoUegs. Ex. fUp, evo. Il Sd. KBT, for T«ch*n onlf. U. éd. 
QBBEK FBOBB BXSROIBEB UMi opon lïuCïdidH. Bi Ue isme. 

lin pr^ioniHoii. 

L LATIH STHTAX Bj Chhwiofuii Goouoii, M.A, Aulitut 

•••»■ ■>!. BL Pinl'i BcïodL Sto. (In jirqoTiiMoiL 

OORMSLL DHIVERSITT BTDDŒS IH OLASSIGAL PHILOLOOT. Edit«d b; 
L Fuoo, V. 0. Hiu. uid B. I. WncuiK. I. Tb* C[r«.Oauitnietioni : thslr 
HbtOFT «nd Fnnotion«. Bj W. Q. Halk. P»rt 1. CrlticaL 11 Bd. net F»rt 
1. OoutractlTe. 8a. 4d. aA. II. AniJog? mnd the 8copg ot its AppUcaSon 
In T.ngiug» Br B. L Wbhud. Il ïdl nat 

•EIOKE.—VIBST LBSBOKB IN LATIN. By K. M. Zicu, B.A., AulituC Muter 
U Onndie BdiooL QL Sra. U, éd. 

<EHm.AND.— EZKROISBS OK LATIN STNTAX ANS IDIOU. AftRANaBD 
WrrH BXï^RBNOB TO ROBTË BCHtX>L LATIN QRAlUfAR. B; E. 
B. BHdun), AsdlUnt Lectoni it the Owsu CoDwe, Victoria Unlrenlty, 
M uchester. Cr. Std. ts. «d. KBT, for TeKlieii 011I7. 2l «d. 

aiLBS.— A BBORT HANDAL OR FHILOLOGT FOR CLABBIGAL BTITDBHTa 
Bj F. OiLB,lLA,FeUowotOoUTille*ndOuuOollggB,Cunbildp. Cr. 8vo, 

eOODWm.— Worla hj W. W. Oiwdwiii, LLD., D.G.L., PioreuoT oî Qm^ là 

Utmid Unlrenlty, U.a.A 
BTNTAZ OP THE H00D8 AND TXNSBS OP THE OBESE VERB. New 

Ed., nriiedud enlirged. Sro. Ul. 
■A QBBEK qBAMMAB. Cr. Sto. «•, 
■A OBBBE GRAUMAR FOR SCHOOLS. Cr. S>o. Sa. M. 
OBEEMWOOD.— THE BLBHENTS OF QBEBK ORAKVAR. Adapted to the 

System ot Cmde Forma. By J. G. Goeenvooo, aorneOme Principal ol Um 

Owena Collège, ManohaaUi. Or. Sro. ta. éd. 
HADLET.— BSBATS, PHILOLOOIOAL AND OBITICAL. B7 Jucra HlDLIY, 

late FmrBasoT In Taie Oollege. Std. 14b. 
SASLET ANS ALLEN.— A OBBBS QRAUUAB FOB SOHOOLS AND 

COLLB0B8. By Jahm Hadixt, lata Profeiaor in Taie Collège. Beviaed 

and In part iewiltt«n by F. D> F. AmtM, PiDresaoi in Harvard Collège. 

Cr. Bïo. 6«. 
HODOSOH.—HTTHOLOGT FOR LATIN VERSIFICATION. A briet akatch of 

the Pablea of the ADOleata, preptired to be reudered Into Lstla Verae fbr 

BeboolL By F, Hohwoh, B.D„ liu PioToaC of Eton. New Bd., revlaed bï 

F. O. HODOBOM, M.A ISmo. 8a. 
•*AOK»OH.— FIB8T STEPfl TO OBBBK PROSE COMPOSITION. By BLOimiLD 

Jacuoh, U.A., Aaalstant Uaeter al King'a Collège BchooL lemo. Il éd. 

EET, lar Tncben only. ISmo. Ul. éd. 
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•SECOND STEP3 TO aSBBR PROSE COUPOSITION *lth sihuubwiii 
Idlomi, Aldi ta Aecsntiutloii, and EumiuUac Fspen In Qnsk Sobolantilp. 
B7 tilt «un». ISdw. Eb. «d. EEY, toi Ttuhtn aalj. ISmo. Sa. M. 

KrsÀmaa.—jtzsRoiata m thb GOHFoanroN of obebe iambic 

TEBBE br TnuUtloiii Crom Engliih Drumitiits. By Rit. H. EniiaTOfl, 
D.D., ProhuoroCCltssIci In tim UnlT«nlt} of Darbuo. With VonbnluT. 
Sx. finp. Bto. 61. 
KEI, for THchen oui; . Ex. Idip. «•<>. U. «d. 
LOPTOM.— 'AH INTBODOCTION TO LATDJ ELEOIAO VBBaa OOKPOSI- 
TION. Bt J. R Lcttoh, Soi-Uuter of Bt Piol'i Bohool GL Sm. 3s. Bd. 
KEY TO PABT II, (JIY.-C.) GL Bvo. Sa. M. 
'AN INTEODUCTION TO LATIN LYBIO VER8B OOKPOSITION. By Oe 
UDU. GI. Sto. Sm. EST, tor Teaclian 011I7. OL Bm. 41. M. 
IUOKIB.~FARAJ,LBIi FAHSAOBB FOR TRAIfBIiATlON INTO GREBK 
AND ENOLISR. With luduu. By BeT. Bllu a Uicin, M.A., OlaaalcBl 
Uutar it HeTanbuD Omnmïr BcliDOL GL Sra. U. M. 
« ii-*fTifn.T.*w —BTRHT i^TlN GRAUHAR. Bj M. C. UtauLUM, M.A. 

Fcap- Bto. Il Od. 
lUOiDLUirS aBBBK COURSE.— Editod br Ber. W. G. Bdtbiuobo, M.A., 
I1L.D., HMdmuHrof Wsitmlnatar. GL Sva. 
•riBST GRREK ORAUHAR— AGCIDBNOH. BjrUicEdltoT. Sa. 
■FIRST QREEK ORAMMAR-SYNTAX. Br tbe •UK. ÎL 
AGCIDBNOI AND BTKTAX. In ona ndoniii. U. M. 
•EA8T KXKOOiaSS IN QRBBK ACCIDBHCB. Br H. G. DnxBHiix, If.A., 

Aiilitent Uutai nt 8t. Finl'a PrepuBbnr BcbooL 3a. 
KABT EXERCISES IN GBBEK 8TNTAX. Br B«v. G. H. Niu, H.A., 
AiuUtut Hiatar it Watmlnitar SehmL Jln pniinniMim. 

•A SECOND GREXE: EXERCISE BOOE. Br B«>. W. A. BRtaa, M.A., 

Htadmuter of Fettct Collogc, Bdinbttcgh. 2l M. 
HANITAL OP QBBBE AGOIUBNCB. Bj tbs Editor. [Inprtparaiion. 

HAND4L OP GRBEK BÏNTAX. Bj tli* Kditor. Wiprtpantioit. 

ELEMBNTABT GRBBK COMPOSITION, BrttitEditot. [1% prtparcUùm. 
■ICAOmLLAN'SGBEEKBBADEB.-STOBtEaANDI^GBNDS. AFIntGrask 
Bouler, irlUi Notei, VocubuUrr, lad BierclHS. Bj F, H. Oduoh, H.A-, 
Becdmutcr of Flrmontb Oollcgc, GL Svo. Sa. 
■ICACIDLLANV LATIN OODBSB.— B7 A. V, Coos, U.A., Aulatant Uarter «t 
St Panl'i BchooL 
F1R3T PABT, GL «ro. Sa, M. 

SECOND PABT, Ba. M. ITktrd Part in prtporamm. 

^XAfmOA.iH'S EBOBTEB LATIN OOD&BB.— Br A. IL COOK, ILA. Bvlng an 

abildgiMntof "Macmmjin'a LaUn Conta*," Fint Part. GL »«0. la. 6d, 
•ItAOIIII.LAN>S LATIN READER.— A LATIN READER FOR THB LOWBB 
FOBHS IN SOHOOLS, Br H. J. HupT, H.A., Asaistut Haatar ut Wln- 

•UABSHALL.—A TABLE OF IBRBQULAR OBXEK VERBB diaalfledaccoTding 
'- 'h* ai7»iigeioent of CnrtIiia'B Qreek Gramnur. Bj J. H. MiBBHiLI,, TK A , 



•HATOB.— FIRST GREBK RBADBB, Br Prof. John E.B.l[AioB,M.A.,PtIlo« 

of BC Jobc's Collfga, Caïubrldge. Pcap. Sto. U, Cd. 
•UATOB.— OBXEK FOB BBOINNBBS. Br Bat. J. B. Uiron, U.A., lits 

Profcaaor of Gluaical Lltentun In Klng'a Collega. London. Put L, witta 

VoabuluT, la. Ed. Parti II, and III,, «Itb VocabDlur and IndnL Fcap. 

■vo. Sa. «i Compltte in one ¥oL U, tW, "^ 

NIXON.— PARALLEL EXTRACTS, AmiiEsd fol Tnnalatlon tnta Eugllab and 

IaUd, iHtb NoUa on Idloma. Bj J, S, Nixon, Id.A-, Fellow sud Claaalol 

Lficturar, Elng'a Collan, Cambridge. Put L — Hiatorical and BpLatolArr. 

Cr, Sto. Sa. «a. r , 
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GEAMMAE, COMPOSITION, ABD PHILOLOGT 11 

ntOeit XZTBACnS, Amagea tôt TnaiMiim InM XogllBli tnd IMlD, with 
OeDei«l uid Spâcinl FretlCM on Stile imd Idlom. Bj Ou ume. L OntaiiuL 
n. Hl«orl«L IIL PlillcuapUcil IV, Aoecdota uid Letton. 2d Ed., 
enlucedtoSSapp. Cr. 8to. <8.»d. 8BLXCTIONS FBOM THE BAUB. >«. 

l'nuuiUtlon>otibo(iCIOBilneUi»iili«iDppUed(o8chooliQuUn(2L M.}, 
on appliaildcin to tïa Author: and iboutMl irmllBrlj of'FuraUel Eitncts,'' 

•PAimM.— A FIB8T LATIN VEBflB BOOE. B; W. B. P. Furrni, IC.A., 

Aniiliuit Mutw it Bt. Pul'i ScbaoL QL Sm la. «d. 
•PBILB.— A PRIMBR OF FHILOLOOY. B; J. FiiLi, UCtC, HMter ot ChrWt 

OnIlegB. Cambildgs. Umo. li. 
■FOSTSATB.—SaRHO LATIN DS. A sbort Quidc to Latin Frow OoapMftltHi. 

By Fret J. F. PaffTtuTE. LIttD., Fellow ot TrlultT Callase, Cuntnide*. OL 

Sto. 2i. m. KSr m " SeK«t«d FuugH.- Ql »m. Si. Cd. 
roSTQATB ami VINOS.— A DIOIIONABX OF LATIN BTTICOLOOY. Bf 

1. F. PoeTQAiBimd C. A. VicLt [I^ frtfaTatUm. 

P0TT8.— 'HINTS TOWARDS LATIN PROSE OOMPOaiTION. ByA. W. Pons, 

"A., LL.D., laie Fellow of St. Jnhn's Collage, CBTobrtdgB. Bi. BMip. Svo. tr 
FOR TRANSLATION E ' ' -— — ~— ~"--' ^"- "- 

Il M. 
•FBESTCHI.— BXBBCIBES m LATDf VBR8B OF VARIODS EINDB. B7 Rw. 

Q.PaiBTOs. GL Sto. 2>. «d. KET, foiTeicfaenanIf. OL Svo. (B. 
BEID.— A ORAMMAR OF TACITUa By J. S. Rxui, LlttD., Fellow ot Calni 

CoUcgs, CiuDbridee. C'a A< Prat, 

A QRAUKAR OF VntQIL. Bytliauina. !Inpnpantlen. 

BOBT.— Works br H. J. Rosi, H.A.,1M«F«ll0HOtSt Jobn's Collège, Cambridge. 
A QBAUMAB OF THE LATIN LANOUAOB. tram FllDMa to Soetonloa. Part 

L Sound!, InSeilopa, notd.fDmutlDD, Appendlcei. Cr. gro. Us. Fut IL 

Syntai, PrepoeiUon», etc. lOs. «d. 
aCHOOL LATIN GRAMHAB. Cr. Sio. M. 
•BUSH.— BTNTHETICLATIN DBLBCTUa. Wlth Note» and Vocabolarr. BjE. 

BUBH, B.A. El. fup. gTO. 2i. Sd. 
■ROBT.— FIRST STBPS TO LATIN FB08K COHPOSITION. By Rey. G. Rdbt, 

M.A. IBmo. lB.6d. KET.forToachanonly. By W. M. Yatk. ISmo. SiOd. 
KUTHERPORD.— Work» bj (h» R«t. W. G. RnTBiaroaD, M.A., LL.D., Head- 

maater of WMtmInaWr. 
REX T.BT A Sbort BiEMt ot the principal Ralatloni betureen tliB Latin, 

Greak, and Âjiglo-Baion Bonndi. avo. [/» prtpanMiik 

TRW NEW PHBÏNICHC8 ; being a Reïiiod Text of Oie Koli^[» of the Gram. 

marlan PhryniclmB. Wltb Introduction and Oommentary. Ovo. 18b. (Sa« 

BlBO ifamJifaV. Or«* Cm™,) 
8BD0KBUR0H.— PASSAGES FROU LATIN ATTIHOBS FOB TRANSLATION 

INTO BNQLISH. Balecled with a view ta Uie needa ol Candidates lot tba 

Cambridge Local, and Publia Schoola' EiamlDiUons. Bf E. S. Shdokbdboh, 

M.A. Cr. 8to. !b. 
•SIHF80N. — LATIN PROSE AFTBR THE BEST AUTEOR8 : Denarian Prose. 

Bj P. P. SwFaoH, B.A. Ex. fcap. Svo. Ss. 6d. EET, tor Teachen onl;. 

STBAOHAN and WILEINS.—ANALECTA. Sglected Paasiges lor lYaiulatlan. 

By J. B. Snuooa», K.A., FrolMaor ot Oreak, and A. S. W1LKIN9, LItt.D., 

PtoTeaBOr ol Latin Ln the Owens Collège, Uanchestar. Gr. avo. 5a. KET lo 

I^tin Fusagea. Gr. S*o. td. 
THRIHU.— Works bf Uie Rai. S. Thuno, KA., Mm Bcudmaator ol Uppingham. 
A LATIN ORADUAL. A Pint Idtin Conatmlng Book lor Begiunere. With 

Ooloored Sentence Haps. Fcap. Sto. ît. M. 
^ MAKHAL OF MOOD CONSTRUCTIONS. Fcap. Sto. la. 6d. 
■WELOH ind DOPPIRLD. — LATIN ACOIDBNCB ANS BXBBCISB9 AB- 

BANGBD FOR BEGINNEBS. B; W. Wiufb and O. Q. Ddituld, 

Aadataiil Maaten at Cnolelgh ScboaL lamo. la. «d. 
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., um Whiti, Aiditant Prohuor ot ... 

D.8.A. Or. Sto. «1. «d. 
WBiaBT.— Worki br J. Wbioht, X.A., Utc Hetdmutir of SattOD Coldfleld 

BchooL 
A HELP TO lATIN GBAMHAB; 01, tlM Fom ud Un of WdtOb In I^tis, 

vtai Ptognnin CnioiiM. Cr. Sto. M td. 
1BK 8ITXH KIKOB OP BOHa An bn NuntdTC, iMdnd from the Fint 

Bookotlin t9tli*c«l«iionofDUBisiiltPu>UM; beings Flnt lAtin Bail- 

Ing Book, whh OnmnuUoal NotM *nil VocitmiuT. Pop. Bro. B& fld. 
FntST LATIN OTEPS: OB, AN IHTBODUOnON BT A SEBIBa OF 

BXAllPI.Ba TO THE STCDT O? THE LATIN LANODAQfl. Cr. Svo. Sa. 
ATIIC FRIHBB. Amnged For tbe Ui« of BegUiucn. Ex. fiaip. Si 
A COKFLffTB LATIN COURSE, comptUing BnlM with BninpleB 

boCh laUn ud Kn eiith, on uch Bnld, uid vocaboluiu. Ci. Svo. 



ABNOm.— A HANDBOOK OF LATIN EFiaRAPHT. B; W. T. Akkoli^ 

THE BOMAK STffTBK OF PROYINOIAL ADMINISTRATION TO THB 

ACCESSION OF CONSTANTINB THB ORBAT. Bj tbs nine. Cr. Bvo. M. 

ABNOLD.— THE 8BC0NI) FUNIO WAR Belng Cfaspttn from THB HIBTOBT 

OP ROUE In tb« late Thouis Arhoui, B.D., Hskdmulet of Rnsbr' 



, Bï JoHH 8tc*bt BLiCTil, Bmarlti 

loMorotÛreekin tbïUniversityofKdilibnrgh, «TO. 12». 
BUEN.— ROUAN LTTERATUBB IN RELATION TO ROUAN ART. B 
BoGEBT BUB», K.A., UU FeUow al Tilai^ Colleg», Ounbridce. nins 



Bto. 1 

SOPHOCLBS. Br Prot L. Cibpbjdj, M.A. 
aUEIPIDES. BïProf. MiHim, D.D. 
DEMOSTHKNBS. Bï Prof. S. H. Butohib, M.A 
VIRGII.. By Prot. Nbitliship, M.A 
LIVY. Bï Rev. W. W. Cafkb, M.A 

TACITUa. By Prot A J. OduncH, M.A., ud W. J. Bbodbibi, U.A. 
HILTON. Bï Bey. Hiopiobd A BftooKi, M.A 
FBBBMAH.— Worki b; Edwird A Fbekhan, D.O.L., LIi.D.,Rcelns Probuoior 
Modam History in tbe Unltatstty of Oifnrf. 
HISTOBT OF ROUE. IHIatùriial CntTie fin- Sciooli.) ISmo. [Tu pTtparatim. 
HI3T0BT OF OREECB. (fiùfoHoulCiniTw^rSiAaili.) ISmo. llti pnpanHai. 
A SCHOOL HISTORI OP BOMB. Cr. Sto. [In pTtfantbm. 

HISTOBICAL BBEATS. Second Btrles. [Onek ud Romu Hlitor;.} en. 

FTPFE'.— A SCHOOL HI8T0RY OF OREBOB. BrCAFnTCM.A Qr.tn. 
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ATHKKS. 



ANCIENT HISTOEY AND PHILOSOPHT 18 

mSBS.— THE FROBLKll OF THE HOMEBIC POEIIB. Sj W. D. Okiuh, 

PriBClp»! of tl>« DniTWlitJ of AhotdMn. 8vo. Ug. 
e.àD8TOHB.— WoAi br tlu Ht. Hnn. W. R. Qunmni^ ILP. 
THE TIHB ASD PLACE OF HOMER Cr. BïO. ta. M. 
LAKDICAKEB OF HOUEBIO BTUSI. Cr. Sro. Si. éd. 
•A PBIHBB OF HOMBR IRmo. Il 

OOW.— A COUPANION TO 80HOOL CLA8SIC8. By Juin Gow, LtttD., 
Muter of tba Hlch Bclii»], HotOnt^iun. Wlth DlnitntlDni. IdBd., raviHd. 

UBÛbOM aud VEKKALL.— KITHOLOOI AND HONUKBNlfl OF ANOIEHT 
portioii of tha "Attfa" ot Pïiuulu. Bj' 
Wlth Intradnctorji Xntj uid ArehBOloglekl 
LOBiBoB. Wlth lUuitntloiu ud Plu*. Cr. 

IBBB.— Work! br B. 0, Jmi, littD-, ProfasKi of Gratk In tli< DnlTtnlly ot 

THE ATTIO ORATOBB FBOM ANTIPHON TO IHABOS. StoU. 8td. J5l 
■A PBIMBB OF GREEK LITERATnilS. IBmo. Il 

(Bse >lgo ClautaU Séria.) 
KIEPERT. — MAHtJAL OI- AHOIHNT OBOORAPHT. Bj Dr. H. KliPrar. 

LAWJIAMI.— ANCIBNT R 

ProfuioT or ArchBologj lu 

P. KiHurr, D.D^ FeUow ot Trliit? CoUege, Dublin, 
•uu jriuiciHKii 1» aiii;iciit HlstoTj ts Uia UiilTenltf ot Dnblln. 
SOCIAL LIFE ra OBSBOE ; Amid Homsi (o Henudsr. Or. Svo. Sl 
GREEE LIFE AND THODQHT; bom tlu Aga ot ~ 



THE OBEBK WORLD UNDBB BOUAN BWAT. From 

Cr. Bto.- lOi. Sd. 
RAHBLE8 AKD 8T 

Ci. eto- 10a. Sd. 

A EiarORT OF 0LAB3I0AL OREEK LTTERATDRB. In 3 tdU Or. Syo. 
VoL L Tha Ports, wlth «n Appendii on Homst by Prof. Siic». ta. VoL 
n. The Proae Wrlten. In tm parti. Part I, Herodotoa te Flsto. Part IL 
laoentoa to Arlatotla. U. M. OKb, 
•A FBTMltR OF GRXBK ANTIQUITlBa. Wlth nliubatloiu. ISoio. la. 
■ElTRIPIDES. ISmo. la. td. (CKwitoI WrUm.) 
KATOB.— BIBLIOGRAPHICAL CIiBE TO LATIN LITEBATUBE. Bdltad 

iTler HtreHEa. By Frot. Johs B. B. Uatok. Ct. «to. 10a. M. 
NEWTON.— BSBAT3 ON ABT AND ABCHAOLOaT. By ffii Cauua Nxwtov, 



JtiUKOi, LlttD. 
yaariy^ 
KBKDAU..— TBEORADLIIOPTHBABIANB. By FroL G. H. Rehcali. Bto. 

UTOB.— THB ASOamT EMPIRES OF THE EAST. By A. H. SiTC^ H.A, 
Depnty-Ptoftaaoi of CompanitlTa Pbflology, OitonL Cr, 8vo, ta. 

SOBIDDT and WHITB. AH INTRODUOTIOK TO THB RHYTHUIO AND 
IIETRIO DP THE 0LAS8I0AL LAUGnAOBB. By Dr. J. H. Heihbioh 
acHMim. Tniulated by Johr Wiujud Whue, Fb.D. evo. 10s. M. 

BEnOHHABJDT,— DR. BOHLIEMANITB EXCAVATIONS AT TROT, TIRYN8, 
HTCBNA, OROHOHBNOS, ITHADA, pnaentsd in the light ottscent kaoïr- 
Itdge. Sj Dr. C*bl SBDCHHUmr. TmaBlated by Bdoisiii Scllebs. Istio. 
dnctionbyWAiTïBLïAï, LlttD. IllostaMa, 8to, [/b 01< Pr™ 

— ■ BOHOOL HIBTORT OF ROME. By B. S. BHOciŒDBaH. 

1/»1 
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14 MODERN LANQITAGES AFD LITERATUEE 

*8rBVABT.~THE TALB OW TBOT. Done inio Rngllsh bj AnaaiT SïBWlBi. 
VALDSTBN.-OATALOGUlt OF OASTS n 



ABOESOLOor, OAHBRnraB. : 

In OluiloAl Arduulogj^ Gr. Bro. il m, 

*,* AI» HD BdlUoi oo Iiu^ Fa.t>er, nniU 4ta. Gl 
WILKIHB.— Works by Prof. Wilid», LitLD., LUD. 
*A PKIMBR OP ROMAN ANnqnrTLBB. lUnirinttd. ISmo. la. 
'APRIHBB OF ROMAN LITBRATDRB. IBmo. Is. 
WILKINS and ABNOLD. ~A MANDAI. OP ROMAN ANTIQUITISS. Br 
Piot A B. WiLEDie, LlttD., ud W. T. Abhold, U.A Cr. 8vd. UlnsteMfJ. 

MODERN liANOUAOES AND 
ZiITERATURE. 

En^lab; Franob; iMniuui; Uodsmansk; Italiui; SpuilKh. 
BNOLISH. 
•ABBOTT.— A BEAEKSPBARIAN GRAMMAB. An Att«mpt to lUiutnta «oms 
of Oia Dia^renqa bctween Bliabetliui uid Modern Bnglleh. By the Bct. K 
A Abbott, D.S., fonneily Esdinut« ot tlic dit; ot London BChool- Ki. 



:« THE FRSNCH RETOLOnOH. By tba umt 

BBOOKE.— -PRIMER OF ENGLISH I.ITB:RATtrRB. Bf Bev. SioproBIi A 

Broosï, M.A. iamo. la. 
BAItI,TBHOLiaHLtTERATnRE. Sïtbsume. 1 toIl Bto. IFal. 7. IjttXePrtMi. 
BUTLEO.— HDDIBBAS. With Introduction ud Notes, br Aussd MiurBa, 

M.A. Bi. fUp. Sto. eert I. B9. Sd. Fmrta It and m. 4b. «d. 
CAMPBELL.— SBLECTTIOHa Wtth Introdoctlon >ad Nat«i, br Obcil M. 

Baehow, X.A. 01. 8to. [!■ pTBjBnrtfcm. 

0OWPBR._-THETA8E: ui Eplitls to Joieph Hill, Eiq. ; Tibocihidm, or ft Ra- 

ilew of the Sohools ; »nd Tnt Hibtohï oi Johm Oilpin. Edited, with Kolts, 

by W. BisHAii, B.D. OL 8to. Is. (ffloSa BtadlngiîTan Sdmdcutl AiMorj.) 
THE TASK. With latrodnctlan and Not«g, by F. J. Rowi, KA, ud W. T. 

Wkbb, H.A, Profasaors of Bnglieh Uterstqro, Proaldencj Coll«B, C«lcatli. 

•DOWDEN.— SHAKE8PEBB. Bj Prot DowDKf. Iftno. la. 

DBTCEN.— SBLBCrr PROBE WOREB. Edited, with Introdnotion ind NotM, by 

Prot O. D. Tosai. Pe»p. Bto. Ï». «d. 
■tOiOBB BBADEBS. Foi BUnduds I.-TI. Edited by A F. Hubisoh. UhiMiaUi. 



QLSi 

Primer IL iwj pp. i su. i ih>oe 

Book L (M pp.) M. Book ..,...„., 

Book II. (laSpp.) M. I Book TI. <44B pp.) 

•THE SHOBTBB GLOBE KEADEBS.— IllDatnted. Gl. Sro. 

Frimer L (48 pp.) Sd. 1 Standard III. (ITS pj 

Trima IL («B pp.) Bd. Btuiduil IV. (IBÏpt 

Standard I. (ei pp.) «d. Standard V. (2ig pi 

Standard n. (IM pp.) M. - - . - 

•aOLDSMlTH.— THBTRAyBLI.EB,ffl. _ _ 

VilUQt With Note», Phtlologlial and Biplanalory, t^ J. W. Hat™, M.A 
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_^ . . ProfUÛr of BDKliflL , , 

Oonage, BomblT' Oh Bio. la. Rd. ; »w«d. Il Bd. The TnidUv («cuitelf), 

THb'tICASOFWAKBFIELD. WiaiIntrodnctioDuidNatgL ByH. Littli- 

I-AUC, B.A., Pntuior of Hlitory ind Hnglitb UtcntDi*, Birodi Collège. OL 

8to. [/■ pnifBraHviL 

THB VIOAB 0? WAKBFIBLD. Wlth ■ Memolr oT OoIdantlUi, bjr Prot 

Mabsos. QL Sto. le. (GloitlUaiiiagêJnm Standard A^Mort-i 
SBLBOT BaSATS. WitH Intndactlaa ud Note*, b; Prot. G. D. Tonm. 
Fop. gro. la. éd. 
OOBSB.'-A HISTORT OF BIQHIEENTH OENTCRT LITEEATtrRE (IMO-ITW). 

Bj Komnn) Gtwss, M.A. Cr. 810. T8. M. 
<mT.— POEUS. Wlth latrodocUon ud NoUt, b; Johs Bkumuv, LL.D. 
ai. Svo. [/» (■ - 



tory, mad un lutrodoctliHi ou the TeusUng of Boaliih, by J 
Prof«8BDrofBii(!liabLlt(ntiinMKliig'BCk>Uege,Loadoiu B; 

GLBi 



-LITX8 OF TBB POETS. The Sli CUef Lirea (Hilton, Dtjden, 
'''— " — Or»y), »!lblUc*Bl»y'a"Llïe of JobDaon." WiOi Pi»- 



•HiLBa— LONGBR EKflLISH POBHa Wltb Notea. FMlalogic*] and Explum- 
. ^ __ ._^.._.^ .. ^_. tLŒ.'iCi,, 

rmbun ma lunff a uouege, i^ouaon. ol icap. """ " " 
•EN IN THB INTBBTALa OF BUSINI 
I, bj F. J. Bow», ILA., »nd W. T. W 
,la.«d. 

BB POETS. The Sli CUef Lirea Olill» 

Aice Miil Not«'b7 fiiTTi 
■LAJIB.— TAI.BS FKOH SHAKSPBARB. Wllh Frebce bj the Rev. Cahoh 

AnniiK, MA.. LUD. QL Svo. Sa. lOhbt JttaMngifnm Slimàard AvOon.) 
'LITBBATURB PSIUEBS.— Bdlled bj Johh Richibd OBBir, LL.D. ISmo. 

lia, LL.D., ud H. a 
BI JBOIB KB ON HOKBia'B FBmEB OF BKOIJSH alUHHAR Br J. 

"composition. Br Ptor, 

ENOLISH LITBRATIJRB. BrSionoKD Bbooei, H.A. 

BHAXaPBRH. Bt FroreaaoT Dowhee. 

THB OBILDRBN'a IBBASUBT OF LYRICAL FOEIRT. Selected and 
amngëd wltb Notea b; Puvc» Tusnis Piuibate. In Twa Paru. la. «Kh. 

PHILOLOOT. BjJ. Pïiu^LittD. 

BOMAH LITERATUBE. Bf PidC A. S. WiLKiHS. Lltt.D. 

QRBBE UTEBATURB. B; Prot Jesb, UttD. 

HOUBB. B7 the Bt Bon. W. E. GuoeniBi, M.F. 
A HISTORT O? ENOLiaB LTTERATDBB IK POUB TOLUHEB. Ci. Sto. 

KARLTBNflUSHLITBRATUBB. BraTOPioRi>BEOOKï,M.A. [/npraporoMim. 

ELIZABBTHAN LITERATURE. O^eo-isee.) BraioBaBSuHTBBDBT. ÏB.M. 

BiaHTBENTH OBNTUBT LITERATURB. a^O-lTSa) Br BDkmiD Qohbl 
M.A. Ta. Cd. 

THE HODEBN PERIOD. Sf Piol. Dowheh. [In prqHHnKon. 

•MACmLLAlPB BEADtNI} BOOKB. 

FBIXER. IBmo. 48 pp. 2d. BOOE IT. (Dt Standard IV. ne pp. 

BOOK 1. tor BtuWUrd L «pp. 4d. M. 

BOOK II. Kh Btudxnl IL 1<4 pp. BOOE V. foi StkOdud V. SSO pp. 

B«À VL la fltted for HlgherClHKa, sud u ui Introduction t« EugUab Llteratnn. 
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16 HODEBN LANOUAQES ÂND LITERÂTURE 

•jUomij.AX'S OOFT BOOKfl.— 1. Iwgs Foit «ta Pries M. laCh. X 
OUang. Frtca Sd. eich. 

1. VoKM ooHaismra of Sbobt LriruiB. 

S, LoBO LvTTxna. WIOi Woidd GODUnlDg Long Lattan — Fi^iufiB. 

1. WOHDe OOHTAIHIini LOHQ IiRTmS. 

ta. Pkictibibo âsd RïYisrKO Conr-BoOK. Por Nqb. 1 to 1. 

S, CxPiTiia AHO Bhobt Hau-Tett. Worta beglnning wlth ■ C«plt»L 

S. Halt-Teit Wohh iHgliiamg «ith Cupitils— ?igims. 

T. 8im,i-H»KD isn H«u-Tkit. Wlth dpItalB and Pignres. 

S. SiuLirHuiD uoj Half-Teit. Wlth Cipltals and Figures. 
Sa. FKACnBina and BineiNa Oorv-Booi. For Ko*. SMS. 

10. aiuLL-HAXD Bmaii Hiu>i,diib— Pigum. 

11. BuiLL-Hum Double Hiuilimee-— Flguns. 



121. Puimania ahd EirraiHa Copi-Booe. For Hoa. a to 12. 

bi Imd uTilï Gmdmati'i PaltiU SUdinf Copim. Itn* 

-, „— -orChildiMi, By 

Fkanou Uabtiv. IScDO. ^A. éd. 
•SPRlNQ-TlIfE WITH THE P0BI8. Bf tiie aame. IBma. aa. 6d. 
•HILTON.— PARADISB L08T. Booka L ind n. Wlth Introdastlon and Nolei 
bj MioBuu. MAOniiiiB, B.A.. ProfeaKir of Logio and MonJ Phllo»opbr, 
BlphlDstone Callega, Bomba;. QL Svd. U M. ; aewed, la éd. Or aepantelj, 

•L'ALLBOBO, IL PKN8HR0S0, LTOIDAS, AB0ADK8, SONNBTS, 4c. WlUi 
IntrDdnction and Notea, bj W. Baii, Il.A., Piofosaor of FbilosophT and 
Logio, GtoveraniBiit Collège, lahora. GL Sro. U. «d. ; M*«d, la Od. 

•OOMUB. B/ tte aam«. ÛL gïo. la. Bd. ; aeweâ, la 

•8AMS0N AGONiaTBS. By H. M. PraoïTiL, M.A., Proftsaot of EngUah litw- 
atore, PieBldency Collège, Calcntta. QL Sto. 2a. ; aewed, la. M. 

•HJTRODDOTION Tû THÏ STUDY OF HILTON. Bj BroproBt) Baoox», 
Il.A. Fcap. a™. IB. 6d. (CIobImI WHUn.) 
KOBLET.— ON THB BTUBT OP LITBRATURK. Addres» to tln StiKIont» of 
the LondoD Soctsty foi tfae BiUnalon of HiJitralty Teachlng, deUTend «t tlia 

AFHOBiaMK Addnsa deliverod bafore tbo Philoaophieal Sooletj of adlnborah. 
NoTembei 11, 18*7. Bythesame. QL 8ïo. la éd. ^ 

HOBBIS.— Worka br tlie Bit. B. Uohbis, LL.D. 

•PRIUER OF BNGLIBH O RAMMAR , Igog. Ig. 

•BLBUBNTABT LBSSONS IN HISTOBICAL ENOLISE QBAHHAB, cod- 

ommiafng ChBplere 
a Woni-FonDatlaD. 

HOBBIS aua KELIilfEB,— HISTOBICAL 0UTLINE8 OF ENQLISH STNTAX. 

By Bey. B. MoaBia and Dr, L. Kïllmkb. \Jn pnpojotljm. 

HIOHOIi— A SHOBT HISTOBT OF ESOLISH LITaBATUBB. Bj Prot. Jobs 

NioHoi. GL Sïo. Vn prtparatim. 

OLIPHAMT.— THB OLD AND MIDDLB BNOLIBH. Bj T. L. Knnnoii 

OuratjrT. New Ed., reviaed and enlaTgfid, of "Tbtt Sourca of Bludaid 

" •■ "' - '■■ [/nrteiv™. 



Alio In Two Parla, la. eHh. 



u T. FiLOBAva. lamo. la. Si 
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ENOUSH 17 

PlIWiaE. — THK GEILDBKirS GARLAHIr FBOH THB BBBT FORTS. 
Belected udurangEd torOoiORBï PiTHDiut. 01. Sio. 2i. (GMt B«itiiiir> 
fnm Sfandord JaïSon.) 
PLUUBOB-— Being b 8e]«tloo from tba Liiu «hich lUnitnto Slukupstre. 
Kortb's TiHiuUTlOD. EdlCed, with Inlnductleiu, Hat», Indu or Nunea, 
■sd Olossuiil iDdu, \>3 Frot. W, W. Bkeit, IiiH.D. Cr. Sto. «b. 

. SHORT 3TUDIBS OF SHAKESPBABB'S FLOTS. By GrsiL 
Prafessar uf Modem Hiatory ud Utenture, ïuckihirs CoUegs, 






•BTLAHD.— CHRONOLOQICAL OTJTLINB3 OF KKOLISH UTBIIATOBH. 

By F. RTLiBC, ILA. Cr. Bm ««. 
SAUnSBUST.— A HISTORY OF ELIZABETHAN LITERATURE. lUO-t«es. 

B7 QKiBas Saintbbdbi. Cr. Sio. Ta. M. 

BOOTT.— 'LAY OF THE I,AST U1K8TRBL, ud THB LADT OP THE LAEB. 

Bdited, wlth fntrodnctioii god Notai, by Fbuicib Tvsnib FAiaKavc. QL Svo. 

1». (Glote BatdiTifi from Standard Avlhon.') 

■THB I^T OF THE LAST MIN8TRBL. With Introdnetlon md Notes, bj 

G. H. SiTJiBT, M,A., »nd B. H. Blliot, B.A. OI. 8to. lattoduction BOd 

Cuto I. M. MV«d. Cinios I. to III. Is. 3d, CautoB IV. to VI. 1s. M. ; 

HHBd, la. [in Bu Fna. 

■KABMION, snd THB LORD OF TUE ISLBS, By F, T. FiLaoAVK. QL gvo. 

Is. (GlalK £iadi*gi flvm Standard ÂvtKori.') 
•lUBHlON. Witb IntrodactlOD ud Notes, by IdioBiu. IbcuILLlB, B.A. 

[In Ou Proê. 

CMILUB, RA. 

PBABIAN ORAMUAR. By Bev, B. A. Abbott, 
A BHAESaPBARE UANUAL. By F. Q. FLUt, U.A. Zd Ed. Ex. tcap. Sto. 

)y CTKtL Ransome, h. a. 

Cr. Sto. Ss. 6d. 
•THB TEUPBBT. With Introdnction sod NoIm, bj K. Deiootoh, Ute Frinilpiil 

oIAgn Collège. OL 8vo. 1b. 9d. ; se»ed, la. «d. 
•inrCH ADO ABOCT NOTHING. Bythossme. 01, 8ro. U.9d.; Bew8d,la.9d. 
AHIDSmUERNIQHT'SÏIBEAM. Bytbeuune. GLSio. Is. Bd. ; gsved, la. «d. 
THB HEROHANT OF VBNICB. By ths ssme. OL 80D. iB. M. ; se«ed,ls. éd. 
TWBLFTH NIOHT. By the same. GL Sto. Is. M. ; sewed, li. «d. 
THE WINTER'S TALE. BythasBme. QL Svo. 3b. ; Bewed, li. «d. 
■RICHARD II. By th< BBine. OL Svo. 1& fld. ; Bawed, Ib. Sd. 
■KINO JOHN. Bytbesatue. QL Svo. ta. M. ; aewed, la. ad. 
■HENRI T. By the same. OL Sva Is. M. ; aewed, Is. Sd. 
•RICHARD III. By C. H. Tiwhet, H.A., Friocipil snd Frofeesor of Bugllah 

Lltersture, Prcsidency Collège, Cilcutta. Gl. Svo. 2s. 6d. ; sewed, la. 
COBIOLANtrS. By K. Dbiohtoh. GLSvo. 2b. lld. ; sewed.ïa. [FeÈriMTdeSL 
•JDL1U8 C^SAR. By tba sarao. QL Sto. 1». M. ; sewed. 1b. M. 
■MACBETH. Bj the aame. QL Svo. li. Bd. ; sewed, le. 6d. 
HAULET. By the aanie. Ql. 6vo. 2s. Sd. ; aewed, Za. 
•OTHELLO. By the Bame. Gl. SïO. 2a. ; eewed, I9. M. 
•OYMBELINB. By the aaine. GL Svo. 2s. éd. ; aewed, 2s. 
■SOHHBNSOHEDI Uid UEIKLEJOHH. — THE ENGL18H METHOD OF 

TEACHINO TO READ. By A. Sonmehechbih kod J. U. V, Heieluohn, 

M.A. Fc»p. Svo. 
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18 MODËBN LANOnAOES AND LITERATURE 

THS FIBST OODItSK, oamlrtlagotBhwtTeirtliwIthBtiiglBCoiuioimnt»- Td. 
THB SECOND COURSE, wttb Oombiniitioiu ud BiUiea, eoniiitliig oT Short 

THE THIRD AND FOURTH GOCDâBS, cuniiiUDg af Long Vowsla, uid mil 
the Double Voveli Ln Che Langiugs. Td. 
■SODTHET.— LrFE OF NELSON. WiQi Icb-odactlon aod Noteg, b; Micbazi. 

Mxr:BiiJ.iH, B.A. ai. Bto. Sa, ; Hwed, iL Sd. 
TATLOB.— WORD3\iIID PLACBS; or, BtyoïolMlc*! Illa»tr»tioiu of History, 

BthnologT, uh] Qïognphy. Bj Bai. Uua Titlob, IJtt.D. Wlth M&ps. 

Gl. Bio. «fc 
T KMM Y S tm.— THB OOLLRCTBD WORKS OF LORD TBNNTBON. An BdltioD 

ror SchDoll. In Four Puria. Cr. avo. Sl M. suh. 
TBNNTBOH FOB THS TOUNO. Edited, witJi NoM« fo 



B PROM TBNNTSON. Wlth Introdiiotlon «nd Notes, by F. . 

TbisKlsctlaoconUilns:— RecoUectlolliofUie Anbiui Nlgbts, Tbs lAdï of 

Blulott, Oenone, The Lalw Bitcn. Uljstu, TlUioniu, Horta d'Arthnr, 8lr 

OLlihiid, D<irm,OdsDn tbe DatboftbsDDkeor Wellington, sud The Revenge. 

KNOCe ABDBN. Bï W. T. WmB, M.A 01. Sïo. [Jn lAe Prv*. 

THB OOMING OF ASTHUB, ANfi THB PAâBlNQ OP ARTHUR By F. J. 

THRINO,— THB ELEMENTS OF OBAHKAB TAUGHT IK BNGLIHH. By 

BcwiinDTBEiHO, K.A. WICli QoeiHone. Ith Ed. ISmo. Sa. 
■TADdHAH.—WOBDB PBOM THB FOBTS. By a H. Vaitohah. ISmo. le. 
VASD.— THE BNOLISH FOBTS. Selectiana, witli Critlcii] Introdnatioiu by 
tbHoiu Wrilsrs «nd n Geneixl Introdnction by Mitthïw Akuold, Edited 
H, WiRD, H.A 4 Vola. Vol. I. Ohad 

H m Drtbbb.— Vol. III. Amubiw to B 

■o RosBETii. îd Ed. Cr. Svo. 7s. «d. eedi. 
■WBTHEEIELL.— EXERCISES ON UORRIS'S PRIMER OP ENQLISH ORAM- 
MAB. By JoHH Wrhbiell, M.A, Headmiatei ot Towuater Grunnur 

WOODS.— 'A FIRST POBTRY BOOK. By M. A Woods, H«â Ulstresa ot tbe 

OUIton Htgh Bchrwl for Oirle. Fcap. Slo. ÎI. Ed. 
•A SECOND POBTBÏ BOOE. By the aune, tn Two Perta. Sa. M. esch. 
■A THIBD POBTRT BOCK. By the aune. Il U. 
HTMHSFORSCBOOL WORSHIF. Bytbesuoe. ISmo. la. M. 
WOBDSWORTB.-aBLBanONS. Wtth Introduction «nd Notea, by P. J. Rowi, 
H.A., and W. T. WctB, U.A. OL Sro. Un jntparattira. 

TOSOB.— •ABOOKOPGOLDKKDKBDS. ByCHUiLOTrBK.ÏOHot OLSto. îi. 
-IHE ABRIDOED BOOE OF OOLDBN DBBDS. Umo. la. 

FBENOE. 

BEAUHASOHAIS.— LE BABBIBB DE SBVILLE. Wlth lutrodoction *nd 

Note*. By L. P. Blodh. Fcap. Bvo. 3a. Sd. 
-BOWBH.— FIRST LES30NS IN FBBNOH. By E. Oodbthopi Bowbi, M.A. 

El. lap. Svo. la. 
B&ETICANK.— Wotkl by Hbhiuhii Bbetvamh, Fh.D., Pioreaaor orphilology In 

A FBENCH GRAMMAB BASED ON PHILOLOGIOAL PRINCIFLES. Bt 

FIRSTPRENOHEEBROISEBOOK. Ex. Rup. «vo. ta. M. 
SECOND FBENCH BXBRCI8B BOOK. El. fiaip. Bïo. S*. M. 
FASNAOHT.— Works by O. E. Fàbhacbt, late Aaaiatant Uaster nt Weatminater 
THB OBOANIO UETEOD OF BTDDTIHO LANGUAGES. Bt fcap. Bro. I. 
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A ai T M T HB TIO FBENOH GRAmU» FOE BOHOOU. Or. Bm. Sa. Cd. 

aa&mcAB and aLossARY op thk french lanouaqi or the 

BBVENTBBNTH CÏNTDRY. Cr. Bro. 

«OHBSi , 

csbnlui», ud RuniiHg. 

FRBNCH RBADINQS FOB CHILDREN. Kj G. B. PUHADBT. [/» tt< Prai. 
•OORNAZ— NOa ENFAirra BT LECRS amis. Bj Edith Huth. li. «d. 
'DB MAISTBB— lA JBDNB SrBÉRIBNNB BT LB LfePRBni DB LA dTÊ 

lyAOSTK. Bj aispaura Birlit, B.Bt «ta. Is. 8d. 
'nX>RLA:4— FABLES. Bj «av.OBtalmYaj>,Ti.i.,Bt»amt»taofCidmM3 

Bcbool, Hottinghim. 1b. M. 
'LA FONTAINB— A BBLBCT10^f OP FABLBB. B7 L. M. Mobiutt, B.A., 

LAKABTINB-JBASNB DABO. Bf H. M 0. VnuLi. (In )ir>i]uml(<m. 
'MOIi^WOBTH— FRBNOH LIPB IN LETTBR8. Bf Un. MouawoBTH. 
U.«d. 

S SB FËBS. Bj 6. B. Fuhuist. li. M. 
MAiOMILLAirS PROaREBSITE FRENOH OOtIRSB.— By O. B. Fuiaobt, Bi. 

*Fi&ST YeaK| conUlnlng'Basy LfBBonaoD the Regolir AflcMence. la. 
■Second Yeab, cootsiolng u Blementorr Omomu wltli coplooi EunlHi, 

Notes, uid VDcsbiilirleii. Si. 
*Thihii Ybab, coDtalnliig « SjitematJc fiyiitAX, mnd L«flcms in Conpoaitlan. 

28. éd. 
THB TEAGHBB'B COMFANION TO UACUILLAN^ PROORBSaiTR FBENOH 

OODBaB. Wltb Oopiooi Notei, Blnta lor DHhreot Rendcrlngi, Brnonyma. 

FUlologlciil Bemu-ki. «te Bt Q- B. Fashacbt. Bi. tcap. gvo. Each Tcor 

4M. éd. 

lUOHILLAirB FREHOB OOMTOSinON.— Bf a B. FiraiOBT. Ex. fap. 

Sïo. F«rt I. BlomentKJ. î«. «d. Pirt II. AdTinoei. IJ» tA< Ptm. 

THB TBACHBR'a OOHPANION TO MACHILLAirB GOUBSB OF FRBHOH 

COMPOSITION. By 0. B. Pishacbt. FsrI I. El. tcup. Bro. 4a. M. 

HAOmU.AlI'S PROeRSaSITE FRENOH RBAJBBa. Bf O. E. FiSNAOBT. Bi. 

*Fmn Tkail contalnlng Taies, Hlatorli^ Bitncta, LeHen, Dlalcgnea, Ballada, 
Hnisery BonKB, etc., wltli Two Tocatndarlee ; (I) la the order of aabjeota; 
(S) in Jphatwtical grdot. Wlth ImltaOTB Bierciaca. Sa. M. 

■BÙoHD TuB, aontslDlTig Plctlon In FroM and Vsne, Hiatorlcal and DeacriptlTa 

Bitncti, BBsaye, Lettcn, Dlilngaes, ela. With Imit&tlTe BisrciHS. la. Sd. 

HAOKILLAirS POBEION BOHOOL CII.&8SI08. BdiMd bj Q. E. Pasbacst. 

■CORNEILLE— LB CID. Bj Q. B. Fassacht. la. 

•DUMAS— LB8 DBMOIBBI1LK8 DH BT. OYB. By ViOTOB Oaa, hectant al 
nnfTBultjr Collège, UverpooL la. «d. 
LA FONTAINB'& FABLES. Boots L-VL Bj L. H. HOBUKTT, B.A., 

Atalatut Uaattr M Hmtow. [In 

■HOLdlRB— L'AVARE. Bjtlieaania. la. 
•UOLIÉRB— Ul BODSaBOIS OBNTTLHOHUB. By tha Mme. la. M. 
•)(0LIABB—LB8 FEMMES SAVANTES. By Q. H. FAaHAcnr. la. 
■MOLIÈRE— LE MISANTHROPE. Bytheaan». la. 
■MOLIÈRE— LB U£DB0IN HALORB LUL Byaeaame. la. 
MOLIÈRE— LES PRÈCIBDSBa BIDIOULES. By the uns. [7n praporaltan. 
•RACINE— BRITANNIOUa. By B. Pellibsieb, M.A. !b. 
'PBKNOH RBADINGS PROM ROMAN HI8T0RY, Bolected ùnin lariona 
iatJiOTe, by C. Oot.&BOET M-A^, Aaslarut Uaater at HaiTow. 4a. Od. 
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20 HODERK LAKGnAGES AND LITEBATUBE 

•eANDS&U, JULES— UADBUOISXLLB DB LA SBiaLIËBE. B; m. O 

Bteml, AMiitaut HiBMr st WIncbeater. la. M. 
THIBBS'a mSTORT OP THB BQYPTIAN EXPBSmOH. By Bby. B. A. 
BDLL,H.A.,I6rmerl7AlslibiDtHuter ut Wellington. [Iii prtparation. 

*VOLTAIRB— CEARLBB XIL B; Q. B. Fabhioht. Ba. eH. 

■HASSON.— A COHFBHDlOtS DIGTIONART OF THB FBBNOH LANOUAGE. 
AdsptAd fram tha DictloDorln of PiofUsor A. Ei.wu.1. By arariTE Hahhoh. 

HOUSKE.— LB MALADE UIAOINAIRB. WiUi latrodncUon tud Notes, by F. 

Tiamt, U. A, AuiaUlit Muter at BIOD. Fckp. Std. Sa. «d. 
■PBLLI8SIEB FBBHOH BOOTS AND THBIR PAMILIBS. A BTnthetIO 

VDctbnlUT, btaed npon DeriviUoiu. Bj B. Piuibbieb, H.A, Asalatsnt 

Uutar st {nirtoD Oollege. 01. 8*0. «g. 

OERMAIT. 

BEHAOEL.— THE OBRMAN LANOUAGE. B; Dr. Orm Bkbiqii. TraaBl&ted 
by Ehil THicBHAHn. B.Â., Fh.D,, Iiectarer In Uodem Litcntnre tu the 
UnlïBraltyof Sydney, N.aw. 01. Svo. []b»« JVf«, 

HOSS.— A SrBTEU OP ORAL INSTRUCTION IN OBSUAN, by mUDa of 
FrogreniTC Illugtrmtlana ind AppllextionB oT tliB loding Rôles or Qnnimar. 
By H. O. O, Hooa, Pb.D. Cr. «ïo. 6a. 
HAOHtLLAira PROGRESSIVE OERHAN COURSE. By Q. B. Paenacot. Ex. 
ftap. 8to. 
'FinST Teab. Euiy Iuhhu and Rnlea on tha Regnlar AccEdonco. 1^ M. 
■Second Yeak. CooTBiaitloDSl Lesaoïu tn Syatemitic Aecidanos and ELeueatary 
Byntai. Vitb Fbllological lUiutnitloiis ud Etymologlcal VocabnlaiT' 
Ht. M. 
THiBDTaA», IMOuPnas. 

TBACHBB'S COUFANION TO MAGXILLAN'a FROaBBSSITB aBRUAN 
COURSE, With oopinns Nolea, Hinta tor Dlffarenli Henderlngs. SynonyiiiB, 
Fhllolagli^ BeitiuliB, etc. Byû, B. Fashacst. Ex. Kap, Bvo. FihstYeak. 
4a. M. BaoosD Yiah. 4s. M. 
KA<Wnj.ANV OBBMAN OOUPOgmON. By Q. B. FàSSACOT. Ex. tCap. Svo. 
'L FIHST OOCBSE. Punillel Qermu-Bnglidi Bitruta and Fuallel English- 

Oermao Syotai. Sa ^ 
TBACHBKB COMPANIOtf TO MACMILLAKS OBBIUN COMPOSITION, 
By G. B. Fabbacbt. Pibbt Ooursi, QL 8to. [/i. Ou Prea. 

MAOKILLAN'S PBOaBESSIVE QBBHAN BBADBBS, ByQ. B. FAEHAOHt. El. 

'PiBST Tun, oont^nlng an Introduction to ib« Oerman oi 
Coploui Biample»,«tti«otaIromaanr-- •-■■-—'-"—- 
■nd Tocsbulaitea. Si. Rd. 
ItAOHILLANV PBOUBT SBBIBS OP OSRMAH BBASINO BOOKS. Kditsd 

by O, B. PAaHACBT. Wlth Notes, Vooabularlea, ud BierclBes. G). Sto. 
•ORIMK— KINDBB UNO HADSHABCHBN. ^ G. B. Fashadht. 2a. «d. 
•HADPF— DIB BABiVANB. By Hiumah Haokh, Ph.D., Lectnnr In the 

Owbhb Collège, Usncbester. Ss. 
■SOHHm, CHR. VON— H. VON EIOHBNFEI^. By G. B. FABmcHT. St. fld. 
KAOUILLAN'BFOREIGNBCHOOLOLAaSICS.— BdltedbyO.E.pAS>iAcnT. ISmo. 
FBETTAO («.J-DOKTOR LUTHER. By P. SroRB, M.A, BndmaaCer of tSe 

Modem Bide, Meroliant lïyEora' BobooL [In prtpartuion. 

■GOBTHE-OOTZ VON BBRLICHDJGBN. By H. A Bmx, M.A., Aaslalant 

Muter at Wellln([ton. 2a 
•OOETHB— FAUST. Paht L. foUomd bf an Appendii on Faut n. By jAm 
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GEBIIAN — MODEEN OEEEK — ITALIAN — 3PANISH 21 

LB8SINO— MCniAVONBAHNEBLlI. Br Juaa Bun, H.A. llnfr^nmtien. 

■BCHILLER— SBILBCTIONS FHOH SOBILUB'S LTRIOAL POBH8. WLth m 

Honolr of BctalllsT. Dj X. J. Tobbes, B.A., mDd S. D. A. HOBSHmm, ILA., 



lai i Mlitutton, BelTHt. : 
■aCHILLBB— VILHELU TELL. Bj O. R. Fadmcht. îl M. 
■S<MlLLBIt— WALLENOTEBI. F*rt L DAS LAGEB. Bjr H. B. Cottibill, 

ILA. Sa. 
'DBLAND— BELROT BALLAD8. Adiptod u > Flnt Emt Bcading Book f« 

,.__. -.,... -...v-. — "-Q.^ F, '- 



Wltb Vwsbaluï. 
7TL0DET.— NX W GUIDB TO QSKMAU CONVERSATION ; cooMulIK au Alpha- 

btaaa LAnt of D«rlr 800 FimllliU' Wocil» ; tbllai>«(l bj BierelMa, TooIniImt 

orWordiiu IreqDBiiC tua, FuniUu PbiuH md Diilogiu*. ftSkatahofflannao 

Litentnis, Idlomitio X^mnloDa, «te B7 L. FnADtr. ISam. ta. td. 
WHHHSY.— A 00U7END10US GBKUAN ORAIUIAR. Br W. D. Waimn, 

PlDfésBor of SuukTlt and Inatructor In Uodsm Lwigugu lu Ydc Ooll^a. 

Or. 8to. 4s. éd. 
AQKRIiAN BEADEBIKFR08B ANDVBBSE. Bf Uis lams. Wlth Motw 

■Dd VocalmlMT. Cr. Sto. ta. 
■WHITNBY Uld EDOBSN.— A OOUFENDIOtlS OERHAN AND ENOUSH 

DKTTIONABT, witb NoUdon of OorT«iKind«ic«i uid Briaf EtfinolDglu. 67 



MODERN G-BEEE:. 

KAdmOKM)!!.— HANDBOOKTOUOSBBNGREHK. B;8I 
rr, K.O.M.G., ud T. O. Dicmoh, H.A. With Appendii on Un 
leru uid Cliulcal GrMk b; ProC Jebb. Or. Sro. M. 



ITALIAN. 

DAHTB.— THE FURGATORY OF DANTB. With TMnsUtlon ud NotM, bjr i 
BinT.EB, U.A. Gr. 8va. 12s. 6d. 
THE FABADISO OF DANTE. WIOi Tnuulttion and HoUs, bj Oie ti 

KBADmCffi ON THE FURQATORIO OF DANTE. OhieSy bu«d on tbe C 
mcntiHy oT BsnfeiiDta Ds ImolK. Br tbe Hon. W. Wirreh TiBHaH, I 
Wlth au IntroductlDii l^ Ou Very Rev. ths Dkui or 9t. FiuL'a. S 1 



CALDEBON.— POUR FLAYB OF CALDBRON. Wlth Intndactfon and Notas. 
By NoBMuillAOGaLL, H.A. Cr. 8to. 14l 
The tooT pluys hen glvon an 81 Principe Conitiinle, La Vtâa a Sume, Kl Âhatdt 
^ Zoloiua, aad El ExoiuUdo y la Tajada. 
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HATHBMATICS. 

AilUiMtlC^ Book-keepliig, Algstm, EnellA uid Pnra 0«m«ti7, Oeomotrioal 
Dnwliig. UanmatloK, Tllgouometry, Analytloal OaouBtty (Plans and 
BoIlS), Probleou uid Qaeitlimt lu Hatbsmattos. Hlgher Pnre USithe- 
znatlo^ Hsoliuilcia [StaUia, Dynamlol, %4ioitaUm, Byarodynunlcia : ms 
alta PhyiIOB), Phyiloi (Bonnil, Ligbt, Kaat, ElautilDlt;, KlaWlnlty, Attrao- 
tlan*, Aa.), AMranomy, HUtorleal. 

ABITHMETIO. 

•ALDI8.— THB ORKAT GIAtn' ARITHUOa A most Blementu? ArfthmMJc 

for CtaJldnn. By KiST SrauiHUi Au>19. lUastnitod. Ol. Sm. 2b. «d. 
ABHT PBEUHtMlBT BXAKIHATIOH, SPEOOfEHS OP PAPEUS SET AT 

THB, 18BM9.— Wlth A ■"- "-■ ^ ■ -■ ■ - 

AiithmsUc, Algsbn, E 

Sugliak DlctiUon. Cr. b'u, «. <«. 
•BBADSS&V— A COURSB OF BABT ARITHUETICAL BSAMFLE8 FOB 

SSaiNNERâ. By J. G. BiuneHÂW, B, A., Aasiabuit Idastcr st Clinan Collège. 

QL Syo. in. With AnaKEra, Si. M. 
•BBOOKSMITH.— ARnHMBIlCIHTHBORTAin)FIUCTI0a BrJ-BROOE- 

IHITH, U.A. Or. Svo. IB. 6d. EET. Crowu Svd. 10s. 6d. 
■BBOOESHTFE.— ABirHUBTIO FOR BEQINNEBS. B]' J. sud E. J. Bbooe- 

BHITH. OL SïO. IS. M. 

OANDLBR.~HBLP TO ARIIBUBTIO. Deslgntd for tb« OM oT Bcbools. BjH, 
OâHHLEB, UfttluiualJcal UaMtet of Upptngliun SchoaL 2d Bd. Br. Tc&p. Svo. 
ls.«d. 

n>ALIOH.-BrLBeAOT EXAMPLKSraABITHMBTiq. Jy ûa Ber. T^ Dit 

lOTSK.— HIQHBR J 
By P. QoTiN, lOBpi 

■HALL and KMTaHT.— ARnHMETICAL ESBRCISOS AND BXAMINAXION 
PAPER8, With an Appendii contalniug Questions In Loo.ritbmb ud 
UENsiTRATimT. Ut H. B. Halu M-A., ïtiiBtâr ot Ibe ïtUltarj and EnglaeeritiR 
SidB, Olifton Collège, «nd 8. B. 'KBiaHT, B.A. OL 8to. Zs. M. 
LOOK.— Worln ij Bct. J. B. Look, H.A, Beaioi FsUow and Bdrst ot OonTille 
ind Ciius Oollege, Ctmbrtdge. 
V 'ABITHMBTIC FOB SCHOOIB. WlthAniwMi indlOOd idditlonal Bumpla 
for Eierclss, Sd Bd,, levlsed. GL Bio. 4i. Od. Or In Tiro Futa:— 
Fart I. Up ta and iDcInding PncClce. te. Fort II. Witb ICOO sddltlDDil 
Eismples lor BisrciaB. Sg. EET. Or. Svo. ICB. M. 
•ARITHHE'naFOKBBOmNBRa. ABchooIClaai.BookorOommeKlalArltli 

meUa. Gl Sto. £3. «d. KBY. Cr. Byo. Sb. U. 
■A SHILLING BOOK OF ABITHHKTIO, FOB BLBUENTABY 80H00LS. 

'PEDLEI.— BXBRCiaBS IN ABITHMBTIC Kir (Jh Uie ot Scbooli. ODOtUnlDg 
mors tliïn 7000 orisii^l KiamploB. By BucniL Fedlïv. Cr. Svo. 6s. 
AlBo In Tira FmM, 2>. 6d, «eh. 

SUITB.— Worlii bjBiiT. Babnibd Shitb, M.A., Ut« Fellowsnd Senior Bunr or 
St. Feter'B CoUflgo, CsJnbridgs. 



J AND ALGBBKA, in their PrindplH and Appllcatian; 

namarooB STslcinattutlf srranged Bnunplea liken froni the C^mbrldga K 
inatlon Pspsn, witb eapeoi»! rcfersnco to tho Ordlnary Bïiqiinallon foi 
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BOOK-KEEPIHO ALGKBEA 23 

■ASTTHKETIO FOR BCBOOLB. Or. 8*0. ta. M. KBY. Cr. Byo. 4B. M. 
EIKItCISEâ IN ARITHHETia Or. Bvo. ti. «ICh Anaiten, 2a. «d. An- 

iwe™ BBp»r«tely, 6d. 
BCHOOL CLASS-BOOK 01» ARITHUETIC. ISibq. Bb. Or «piiniUly, 1d 
Tbres Piirts, ;■. «cb. KBÏB. Parts I,, II., aail III.-, Sa. 6d. each. 

I BOOK OF ARITHHmiC. ISmo. Or aaparaUly, Put I.. 3d. ; 
.vu ..^, Sd, ; Part III., Td. Anawen, éd. EBY. ISmo. 4s, Sd. 
THB S4ME, with Answers. IBmo, oloth. Is. «d. 
BZAHLNATIOK PAPBBS IN ABITHHETIO. Igmo. la. M. The Same, 

Irith Answen. ISioo. Il Anawsn, U. KBT. ISnio, ta. éd. 
TEK MBTBIC BTBTBM OF AKITHMKTIO, iT3 PRINOIFLBB AND APPLI- 
CATIONS, wltb NnmfrDiu Biuoplai. IBniii. 3d, 
A CHAHT OF THB MBTRIC 8Y8TIM, op » Slieet, ain i! In. by St In. on 

RoUgt. Sb. éd. AlaoaBmall CbartonaiCard. Pri« Id. 
BA8T I.ESSONa IN ABITHUBTIC, eomblnlng Eiercliea in Rsading. Wrlting, 

Spelllng, and DictaOon. Part I. Cr, Svo. M. 
IXAMINATION OABDS IN ARITHMETIO, WlCb Aniwera and Hlnts. 
Standiirds I. and IL, in bai, la. SUindaida III., IV., and V., In boiea, Ib. euh. 

fituidard TI. in T«o Parts, in boiea, u, «ach. 
A uid B papera, of nearlj tbfl aame dincnltj, an ffiTen so aa to pravent copylng, 
and tfac colonra of Uia A uid B papon dilhc in eaeb Bbmdtrd, «Dd ftom th«a of 
CTsiT other Standard, no that a maater or miitrcBi oan «e at a glanes wbethar t^e 
DUldnn hâve tbe piopsr p(,psn, 

BOOE-KBBPINa'. 

THORHTON.— FntBT LESaONS IN BOOK-EEBPINO. Bf J. TaoKHTOH. Cr, 

Sva. 13. Bd, EST. Oblong4to. 10a. éd. 
'PBIHBB OF BOOE-ESEPUs'a. ISmo. la. EST. Dsmjr eta. le. «d. 

ALQEBRA. 

•DAI.TON.— KHLES AND EXAHPLB8 IN ALOBBRA. B; Kev. T. Dutdh, 
Ajuiatub Muter at Bton, Fait I. IBmo. Sa. EET. Cr. Sto. Ti, «d. 
Part IL ISmo, îa. «d. 
EAU. anS KNIOBT.— Worka by H. S. Hall, H.A, Haster of the UllltUT and 

Engineering Side, Olirion CoUega, and S. B, EmaHT, B.A. 
'BLBMENTABT ALOBBRA FOR aOHOOIâ. etb Ed., revieed and corrcsted. 
01. Sto, bonnd In maroon colooied clotb, Ss. «d. ; irith Ansiren, bonud in 
imwo colouied oloOi. 4s. 6d, KBT. «a. «d. 

FAPBBa._ 

"^•HIOHBR ALGBBBA 8d B. 
*I01(SS and CSETHE,— AIiOSBRAICAL EXBRCISBa. Pmgrculisly Ar- 
rangea. Bt ReT, 0. A. Jomi Bnd C H. Obithi, U.A,, Ute Ustbsnuitlcal 
Uaatcre st Waatmineter BchooL IBmo. Sa. éd. 
EST. Bf Bev. W. FuLB, M.A., Hatbematlial Haster st Westiuinst« Bohool. 

anTH,— ARITHUETIC AND ALOBBBA, in their Pr!n<^plM and Application ; 
irlth nnmeroiis s^stâmatioallj arranged Biamplea takenfrom tbs Cambridge 
Biainination Papen, with especisl refsreuce to the Ordlnan Eiaminatlon âr 
the B.A. Degree. Bj Be*. Bibbibo Shttb, H.A. New BdlCion, carefDll; 
rïTifled. Or, Svo. lOs.M. 

BmTH,— Works by Ceublh Suitb, U.A., UB8t«r of Sldnej Snaseï Collège, 
iviaed. 01. Bvo. 4b, M. 
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MATHEUAT1C3 

.—Work» bj IBUC ToDBOKTiii. F.R.B. 
A POR BBOINNBRS. ISmo. Sa. M. KBT. Gr. 8to. «8. M. 
'ALQKBRA FOR GOLLEOBB AND 80HOOU. Cr. STo. Ta. «d. KBT. 
Bn). lOi. «d. 

BUOLID Aia> PURE GhBOMETBT. 



OOMBTABLE.— GEOMBTRICAL BXBRCIBBS POR BBQINHXRS. By Saudel 
CtlIHBEBTSOH.— SnCLIDlAN OBOMBTRT'. Bf Frihcis OdTHBEKTSOIl, M.A., 



DODOSON.— Worki bïCHiRLis U Dodoson, X.A., BtadeDt Nid IsM Hathematii»! 

LectuiïT, Clirist Churcb, OiTonl. 
EUCLID, BOOES 1. AMD n. efb Ed., vith words inlwtCtDted fat the AlgB- 

bnu»l Bjrmboli nsod In tbe iHt Ed. Cr, gvo. is. 
EUCLID AKD HIS UODXRN RIVAU. 2d Ed. O. Svo. «t 



DBÏW.— GEOMETRICAL TRSATISE ON COSIC SBCTIONa By W. H. 

Dbew, M.A. Kcw Ed., enlatgert. Or. Svo. 6s. 
DDPnia.— BLEMBNTABT BTNTHBTIC GBOMETRT OP THE POINT, LINK 

AND ClilCLB IN THE FLAMB, By N. F. Dupnis, H.A., FroffMor or Tan 



clodtjig AIMrMtiTB naou, togeiner witn unaïugmii Tûeorema «na Kxercisea 
cluBifled snd arnnged. Bf U. B. Eill, U.A., ud F. H. SliYXHB, H.A., 
MasCenof UieUiUUnruâ Engineering Side, CllftonCoUefe. QLSto. Booi 
I.,lB.: BookaLandlf., Il, M.: Bwks l.-lT., Sa.; Books III.-IV., 2a. ; Booka 
V.-VI, MidXI., Ï1.M.; Booksl.-ÏL »ndSI., »a.5d,; Book XI„ la. 

[KBT. In prtparatUm. 

V EALSTED.— THE ELEMENTS OF OBOMBTBT. By G. B. Hilbiep, Frotesaot 

of Pure and Applied Mathemnata In the Universltr of Teias. 8ïo. lîj. éd. 

V HATWARD.— THE ELEMENTS OF SOUD QEOHETBT. Bj R. B. Hatkard, 

M.A., P.aa OL 8ïo. Sa. 
LOOK.— EUCLID POB BEDINNERS. Belng aa Introdoction to «liatiDg Teit 

„_„„ T „ . — « . [fsjwrporoHe». 

Part I. Tbe Farabalï. Bj 

BIOHARDSON.— TUE PROGRESSIVE EUCLID. Booka !. ind IL Wlth Not«a, 
EierciECB, and DoducUona. EdiKd b; A. T. RicHtRDaOH, H.A,, Senior Uatb«- 
matloalM&stïrat the Me ofWight Collège. Illnitrated. QI.Svo. llnOePnn. 

BTLLABUS OF PLANE OEOMBTBT (comaponding to Bnclii, Booka L-VI.)- 
Prepared by the AsBDCimtion for the Iraprovameot of Geometrical TeKhlng. 

BYLLABUB OF HODBBN PLANE GEOI£ETRT._Prepareâ by tbe AsaocUtion 
' " ■ — -it of Geometrical Teaohing. Or. Sto. Bewed. le. 

WILSON.-Worka bj Rev. J. M, ï 
ELEMENT ARV GEOMETRY. 
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OEOMETEICAL DRAWING — THIGONOMETRY 2G 

fflLflOK— Works br K<t. J. II. Wiuan— smllRuut. 
SOLID OEOMETRT AND COHIC BECTI0N8. WIth AppandlcH on Tnma- 
T«ml> uid Harmonie DLtlsiaii. Sx. tap. Sto. t*. td. 

GEOMBTRIOAL DRAWINQ. 

ElffliS.— «ONSTRUCTIVE QBOMBTRT OF PLANB ODaïKB. Bj; T, H. 

>t tlE Ro^s] Indlui Bngineeriag Colltge, Gmper'i Bill. Cr. Sro. 12s. 
EMAK an a rai TCHABD. — SOTB-BOQK ON .PEACTICAL SOLID Ott 

St J. n. Esou ind Q. fi. Fbitchard. Ith Ed., nylsed bj A. Hu». OL 

IBTMCAl NOTB-BO 

G«ometncal DrawiDe 



tometrical DrawiDeprepuatory to the 

bOoiB. Bv F. B. KlTQUENIB, U.A., . 

nne High Sdicx>1. 4to. 2a. 



MENSURATION. 

irclMBantbeHaneara- 
MENBURATION FOR 8CH00IS. By a Ti.b.ï. 



TEIOONOMETBT. 



Cr. 81 
BOTTOKLET.— FOUR-FIflURB MATHBHATICAL TABLB8. Comprisipg Log- 

irithinic util THeonometrlFiil Tables, and Ikbles of Squares, Square Boots, 

■nd ReciprooJs. Bj J. T. BomuiLIT, K.A., Lecturer Se Natuni PbUosophr 

fn tbe DnlversIlT ot Ûlasgow. 8to, Ba. M. 
E&TWABD—THE ALOXBRA OF 00-PLAHAR VBOIOBâ AfiD TRIGONO- 

METRT. By R. B. HiVWJBD, M,A., F.B,8., Assistant Maater at Harrow. 
(Ml 



bridg e. Cr. I 
LEïEITT and D 



F TRIQONOMBTET. By Bawi«h 
Il Uantera at EIhe Edward's Scbool, 

knlar Fellov aad Burrar of Qonillle 

FOR BE0INNBR9, as (ai ai du SolDtlonof Triangles. Sd 

m. V... ..TU. u «d. EEY. Cr. Svo. «s. éd. 

■BLBKBNTART TRIOONOMBTBT. Sth Ed. (In tbis ediUuu tbe chapter on 

logarltbiDshJubBencaie(ullyT«Tiaed). 01. Svo. 49.6d. EBÏ. Cr. gro. 8a.6d. 

EIOHEB TRIQOHOHETRT. Bth Ed. 01. 8vo. «s. Od, Bolb Farts oomplete 

In Ons Volume. GL Bvo. 7a. 6d. 
TRIQONOMBTBYOFONEANGLB. Ûl. 8to. [Janiiors 1881. 
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METBY. ,, 

By W. J. H'Clbllakd, M. 
8>ntry. DuHio. «iirt T. FMaiDt 



MATHEMATICS 

& TREATI8E ON SPHEBICAL TBIGONO- 



'lintïpai oi the iDcorporated Ëociety'a dctiool, 
m, rf.A. Cr. Bvo. Bs. Sd., or : Part I. To the 



I dT TTlinglDB, 
-UAHUAL OP LOGARITHUS. By Q. ¥. UiTTOtm, B.A. I 



s, aetdaa 

SNOWBALL.— THK ELEMENTS OF PLANE AND SPHERICAL TRIOONO- 

HETHT. By J. a SSOWB1T.U 14th Bd. Cr, Svo. Ts. 6d. 
TODHUNTER.— Works by Isuic Todhttntsb, F.B.a. 
TRIOO.NOMBTRÏ FOR BB&INNBR8. I8mo. 2». M. EBY. Cr. Svo. Sa. M. 

V PLANE TRIGONOMBTRT. Cr. 8to. fis. KEY. Cr. 8to. lût. 6d. 

tA New Edition, rtviBed bj R. W. Booo, M.A In Oie Praa. 

V A TKEATIHB ON SPHERICAL TBIGONOMBTRY. Cr. 8ïo. 4e. ea. 
WOLSTBNBOLKE.— ESAHPLaS FOR PRACTICE IN TBB USX OF SBVEN- 

FIOUBB LO0ARIXBU3. By Joseph Woistesbolme, D.Sc,. lut* ProfesBor 
of Htttiemitli» In the Oojtl Indiu EngfDeedng Coll, Oooper's Hill. Sto. 

ANALTnOAL QEOMBTBT (Plane and SoUd). 

DTBB._ EXERCISES IN ANAI.TTICAL OBOMBTRY. By J. M. Dr», M. A, 

AssieUntHuterit Eton. Iliustrated. Cr. Sro. 4b. «d. 
FESKBRS.— AN BLEMENTABÏ TEEATraB ON TBILINEAB CO-ORDIN- 

ATE8, the Method ot Becipmcal Polars, and the Theory of Frojectore. By 

the Be*. N. U. Febherb. D.D., F.R.B., Haster of ConTille and âiliu Collegs, 

Cembrldge. 4th IW., reiised. Cr. Svo. de. fld. 
FB08T.— Works by Pebcivu. Fkdst, D.Sc., F.B.S., Fellow and UAUiamatical 

Lectnrer at Eiiig'B Collège, Cambridge. 
AN ELBMENTARY TREATIfiE ON CUBVK TBACIKQ. Sro. 12s. 
BOLID GEOMBTBY. 8d Bd. Demy Bvo. t6a. 
HINT8 FOR THE SOLUTION OF PROBLBMB In ths Third BdlClon ot BOUD 

QBOUBTBY. Svo. Su. M. 
JOBMSOM.— CUBTB TRACINQ IN CARTESIAN CO-ORDINATBS. By W. 

WooutT JoHHeoH, Profeesor of Uathematice Bt ttia U.S. Naral Acadooiy, 

AnnapoHs, Maryland. Cr- Bro. 4b. M. 
H'OLELLAND.— THE GEOMETBY OP TEE GIBCLB. By W. J. M'Clelusd 

U.A. [IntlieFna. 

PUOKLB.— AN ELEMENTART TBBATISB ON CONIC SECTIONS AND AL- 

OEBEAIC GEOMETRY. Wilh Numarous Biamplea and Hlntefortheir Soln- 

tion. By Q. H. Puckle, M.A. fith Ed., rertsed and «nlarged, Cr. 8ïo. 

SUTTH.— Worlis by CHAnLBS Shitq, U.A, lUnster ot Sidaey Suaaei CoU<%«, 
Cambridge. 

V CONIC SECTIONS. 7thEd. Ct. 8vo. 7b. 6d. 

V SOLUTIONS TO CONIC SECTIONS. Cr. Svo. lOe. M. 

. AN ELEMBNTAHY TBBATISB ON SOLID GEOMETRY. 3d Ed. Cr. »ro. 



M,A., Hesdmaster of Ktng's Collège Sehool. Cr. Sic. 
GEOMETRY OP THREE DIMENSIONS. 
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MATHEMATICS 27 

PBOBLEUS AND QUESTIONS IN 
MÂTHEMATIOS. 

ism PBELIMINASY EZAiaNATION, 1SS1-1B88, Specineiu or P>pen Ht Bt 
ttae. Wjch Anawerx tu the Msthenitle^ «jDWions. SablecU : JjHtbmetlc, 
Aleebrs, Euclld, Qeometiicml DriHiag, OHgnpby, Pnnch, Enellili DicUtlon. 
Or. gvo. Si. éd. 
CAHBRIDQB HEHAIB-HOIISB PROBLBMS AND RIDEES, WITH SOLD- 
TlOilS:- 
1876— PROBLBMS AHDaiDKBS. By A. G. Obisbhiu, F.B.8. Cr.Syo. S«.«il 
U7«~SOI/UT10N9 OC BBKATB-HOUBB FROBLBHS. By the MsUwmaUoI 
Hodantors ind Eumlners. Edited bj J. W, L. OLiuaiB, F.B.S., f«Uo« of 
Trinity Collée. Cmnbrldge. 12a. 
ŒBtTriE.— A COLLECTION OF ELEMBNTARÏ TE8T-QnKaTION8 IN PnRB 
AND MIXBD MATHBMATIOa ; »ith AniwRn snd Appindlces od Svnthetic 
DIvlalon, and on tht Bolutlon of NatoBilcil Bquïtlon» bj HorBOi'» Metbod. 
Bf Jura R. OuKiariE, P.R.S. Cr. Bvo. Bs. éd. 
OUFPORD.— MATHEKATICAL PAPBE8. Bj W. K. OurroBB. Editad hj R 

TocKBtt. WithinlntKKtDctlonbyH. J. BriPHBiBmiB, M.A 8ïo. 80*. 
mure.— Works by Rei. Johb J, Mileji, Printa Tntor. 
WEKEXY PROBLEU FAPBR3. With Nolea latonded for Uw tue of Btudenti 
preparing for MstheinsHcal BchoUrships, ana for Junior Membei» of Un Unl- 
TSnltlu «ho are ttaâiDg fnr Hsttiainatlesl Honours. Pott Svo. 4i. M. 
BOLCTIOtlS TO WEBKl.T PEOBLBM PAPBlta. Or. 8io. IC». M. 
COMPASION TO WEEKLT PBOBLEM PAPERS. Or. gyo. lOs. éd. 
BiKDHURST HATHEUATICAL PAPERS, for admlniloiiliito theRayftlIflltUry 
Coll«e, leSl-lSB». Bdl(ed bj E, J, Bbocbsiutd, B.A, Instmctor lu HaChe- 
maCicg at tb» Royal UlliUry AcadsmT, Woolwicb. Cr. Svo, Bh, 6d. 
WOOLWIOB lUTHEHATIOAL PAPEBS, for Admlulon into the Royal Wlltary 
Acadamy, Woolwicb, lSeO-lS»S InclngfTO. BdlMd b; B. J. Bbooesutb, B.A 
Oi. 8to. fll, 
VOLSTENBOLHE.— Worki by Joseph Woutinrouii, D.Sc., lata Fiofttur of 
UathemaUca in the Royal BngiDeering CoU., Oooper'B HUL 
HATHEUATICAL FROBLEMS, on Snbjfcti Inclodod lu the Plnt and Bscond 
Divisions of the Bchednle of Bubjeeta for tbs Cuubrldge UaUiematical Trinos 
EninlDatioa. New Ed., Ereatiy enUrged. Svo. 18s. 
EXAMPLBS FOB PEAOTICB IN THE USB OF SBVBN - FIODRB LOQ- 
MB. evo. Bs. 

HIGhHEB PURE MÂTHEMATIOS. 

AIBY.— WwÏB by Sir O. B. Amr, K.C.B., lOrmerly Aitronomer-RoyBl. 
BLBHENTART TBBAT18B ON PARTIAL DIFFBBBNTIAL BQDATIONS. 
Wlti Diagnma, !"-■ "- ^- '- "' 

[AH!*I. AND , . „. „ 

COUBINATION OF OBSERVATIONS. 

B00LB.—THBOALCni.UB0FFIinTE DIFFERENCES. ByO.BooLi. Bd Ed., 
reviaed by J. F. Modjlto», q.C. Ct. SïO, 1<M. 6i. 
VOAaLL.— A TBBATISB ON THB OALOOLOS OF VARIATIONS. By Lbwb B. 
Câbll, Arrangod with tbo purposa of IntioducUig, ai nell aa ninsfÀting, Ita 
Frinciplea to tbe Reader l>y meaDB of Problems, and DoBigriod to preseot Ln ail 
Sto^ 5j^ ^ "=" ™ ' ™I" °" ° ' ™ " ' "=•■ 

EDWABDB.— THE DIPFBRBNTIAL tJALCULDS, By Joseph Edw^ds, M.A. 
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2S MATEEMÂTICS 

VFOBSTTH.-A TRK&TISB ON DIFFEBENTUL BQITATIOIia By Asskbw 
Rdsseij. Fobstth, F.RS,, Fillow ud Aialalant Tutor ot Trlnl^ Collt^a, 
CambrldgB. là Zd. Sro. IM. 

FROST.— ANELEMZNTAJlïTR£ATlâBONCUBVBTRACINa. BjFsaarvAi. 
Fbost, K.A., D.Bc Bto. 1^ 

QaAHAM.— QEOMBTRT OF POSITION. B; R. H. QEinAH. ninstrated. 



APPLICATIONS OPELLIPTIOFUNCTIONS. BytheiMne. llnOitFras. 
JOHNSON.— Woïki bj Wiu,t*h Woouei JoxHean, Prolasear of UlUiematics at 
tbe n.B. Nmna Academy, Ann&polis, MsiyUiid. 
INTEaRAL CALCULDS. »n BleraenUry TtmU» on Ihe. Poimdod on the 

CnBVBTRACINQINCARTESlANCO-ORDINATES. Cr. 8ïo. 4a. «d. 

A TRBATIBE ON ORDINABY AND DIFFERENTIAL BQUATIONâ. Ex. cr. 

' D and TAIT.-INTBODOCnOS TO QDATBRNIONS, wim munerona 
iplea. By P. Kiluhd uid P. O. Tait, Piofesson in the Deputineiit of 

uiJienuUcaintlisUDiTïnitîorEdiDbargli. Sd Bd. Cr. Eio. Ta. Od. 
KSMPE.— HOW TO DRAW A BTBAIGHT IJNï ; ■ Lecture on Llukigss. By A. 

B. Kkupe. nluitiated. Cr. fiio. la. M. 
SNOX.— DIFFERENTIAL CALCULUS FOB BEGINNERS. By Auiuhœb 

Khoi. Fcap. 8ïo. Sb, 6d, 
MUIB.— THB THEORT OF SETBRHINANTS IN THE HISTOBICAL ORDER 

OF ITB DEVELOPMENT. Parti. DctermiDuttaiii Geneml. Leibnito (1693) 

toCayleyaSIl). B; Taos. Huu, MtthemattCAl Kast«r in Uie High School of 

GlMgOW, 8ïO. 108. M. 
BIOS asd lOHHSON.— DIFFERENTIAL CALCULUS, in Bleueiilary Troatlse oo 

the. Fanndfd an tha MetliDd of HbUb or Ploiiona. By J. M. Rict, Proféssor 

of MïtliMnatica tn tlie United BtatfS NiTy, ind W. W. JOHuaoK, Profeâsor 0( 

HstliemBtici it tbe United Stnt«a Minl Acidemy. Sd Ed., retlMd uid cor- 

rect ed. B to. ISa. Abridgsd Ed. «g, 
TODHONIBB,— Works by Isiio Toobcstbh, F.R.a 

AN ELEKRNTABr TREATISB ON THB THBOBT OP EQUATIONS. 

Cr. 870. la. M. 
A TREATKE ON THE DIFFBRENTIAL CALCULUS. Cr. «ïo. lOs. M. 



ATRBATIBEONTHB INTEGRAL CALCULUS AND IT8 APPLICATIONB. 

Cr. s™. 10b. Bd. KBT. Cr. Sto. lOa. Bd. 
A HISTORY OF THB MATHBKATIGAL THEORt OF FROBABILITY, fram 

tbe time ùt Pucml U> thet of Idplue. 8vo. ISn. 
AN ELEMBNTARY TREATIEB ON LAFLACB-S, LAUITS, AND BBBBEL'B 

FUNCTIOKa. Cr. 8ïo. lOa, 8d. 

MEOHAKIOB ; Statics, Bynamloa, H^droatatloa, 
Hydrodynamlca. (See also Physios.) 

^ DBB ud THOHSOH.— EL 

Piot T. AuaAHiitB and A. 1 



OLIFTOBD.— THB BLEMENIS OF DYHAUIC. An lotniductton to tbe Btoily of 
MotloD md Usât In âaiid and Flnld Bodlea. By W. E. CLinonn. Fut L— 
Kinenutic, Cr. 8vo. BoohB I,-III. Ta. M. ; fiook IV. ind Appendli, 6*. 
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OHmaiLL.— AFFLIBDllBOHANICS: An B1«iiuiitu7aeD«i*l Inliodacblon to 

UiB Tbeory of Struetam ind MiehlDH. By'J. H-Oottibill, F.B.a., Pror«SBor 
ii[ApplledHecbBiiiciiiithe RayulNiiFiil Collège, arsenwicli. avs. lU. 

OWTEKILL and SLADB.— LEBSON3 IN APPLIKD HECHANICB. Bj Frof, 
1. H. ConsBiu. IDd J. H. Bluu. Fcip. Bto. [JaMary 1B«1. 

DlUmOS, emXABOS or ELSHBIITAST. Fut L Unour Drauùia. Witli 
■nAppendli OD Uie IleHiiiuottheByMba1«laPlm<<»>lKqiuOoiu. Fniwnil 
bt u< AsBOciktioD fDt tkt ImproTSinuit ot Qcoiutriiial TeKhlng. 4hi. Il 

ftUIOUILLETUUlKirn'Ba.— A GENERAL FOBHnliA FOB THBONIPORM 
HAW OF WATBR IN HIVERS AND OTBBR OHANNBI& B; K. Gak- 
actLLWT sud W. H. Konm, 8iigln«eri In BeniB, 8wlti«ltiid. Tranitatsd ttom 
Ihe Ogrnun, witb diuibiods AddJtl(Hu,lDClDdiDgTtb1aauidDluruu,uidthe 
nementa ofoier 1200 Oiiigliigs of Rivera, BnuU OunnelB, ind FTpea in HiiAliah 
Heuare, ti7 RnooLPH HsRiNO, Auoc. Am. aoc C.E.,K. Inet. O.X., and JoHH 
C. TRiuniiBB JuQ., Assoo. Ara. Soc. C.B., Amoo. Init O.B. 8vo. ITa. 

OlliaUt— flEOHffTBT OF POSITION. By R. H. QiuHiii. nioatretal. 
Ct.Sto. l/amiom 1891. 

aiBATES.— Works by Johb Gaun^ ILA., FsUoK ud UaOïematiaa Leotonr 
at CliriBt'B Collage, Cambridge. 

■STATICSFORBEaiNNBItS. 01. Sto. Ss. M. 
A TRBATISB ON BLBUBNTABT BTATIOS. Sd Bd. Cr. Sto. Sa. Sd. 

OBBEHHILIi,— HTOROSTATICS. BtA.0. GKnH>itu.,Froraagororilatlierutica 
to the Senior CUaa o( ArtiUerj Offlcera, Woolirioh. Or. 8ïd. [la preporoiim. 

'HtOKS.— BLEHBNTABr DYNAMICS OF PARTICLBS AND SOLIDS. By 
W. M. eiOM, Principal and Protaaaor o( Mathematlci ind Pliy»i«. Plrth Ool- 
lega, Sheffleld. Cr. Bto. Sa. 6d. 

JELLEW.— A TRBATISB ON THB THEOBT OP PRICTION. Bj Johh H. 
JiLLKrr, B.D., lato ProToat or Trlnlt; Collège, Dublin. Sio. 8a. «d. 

SraHSDT.— THE MECBANICS OF KACBINBRT. By A. B. W. Kdihidt, 
F.R.a ninatwted. Cr. fiyo. 12s. 6d. 

LOOK.— IForfcB by Bev. J. B. Loci. U.A. 

■ELEHBNTABY STATICS, 2d Bd. Gl. BïO. 4a. «d. 

■DTKAHIOS FOB B&OINHBRB. Sd Bd. Ql. Sro. ta. «d. 
BI,BM BNTARÏ HECHANICS. OL Bro. [In l^< Frai. 

- -KINBWATICa AND DTNAMIca An Eleraentary Treatlao. 
-r. T,o- ., i^r. ofPhjsics In Daihonsie Collège, 



--I MBCHANICS. By B. 

l)., F.RB., Ma Tator and Pneleclor of Bt. Jobn'a Coflege, 
tbBd., reyieed. Cr. 8«d. »a. fld. 
ON RIGID DTNAMIOB. By Bev. G. Pibik, H.A., FrofUsor 
oi nsbucuiouiui ia Iba Unlvenlt; of Abei^een. Cr. Bvo. Sa. 
JTH.— Works by Bdwabd John Routh, D.Sc, LL.D., F.RB., Hon. Pello» 
otSL Pcter's Collège, Cambridge. 

1 ON THB DYNAMICS OF THB BTSTBU OF RIGID BODIES. 

irous Kiamplfa. Two TolD. Bio. Vol. I.— Blementary Parte. 

lïômoN. 

■SANDBKBON.— HYDBOBTATICS FOR BB0INNBR3. By F. W. Bunnsaoi 

H.A.,AaiistBntMa9teratDiilnlcb Collège. Gl. Byd. 4b. «d. 
TAIT uid BTEELE.— A TRKATISB ON DYNAMICS OP A PARTICLB. B 
Prof esaor Tjit, M.A., ani W. J. Btmlb, RA. «th Bd.,reylaed. Cr. 8io. ISi 
TODHnHTBB. — Works by Isaao Todhdhteb, F.RB. 
MBGBAN1CSF0RBE0INHEBS. IBmo. le. «d. RET. Cr. Svo. Ss. 6d. 
A TRBATISB ON ANALYTICAL 8TATI0B. fith Bd. Bdlted l^ Prot J. I 
BriBFrr, P.RB. Cr. Sto. 10a. «d. 
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80 MATHEMATIOS 

PHYSIOS : Sound, Llglit, Heat, Eleotiioity, ElaBttoity, 
Attractions, eto. (See also Meohanlcs.) 



GRAVITATION : Au BlemenUty Bipluutlon ot tiM Principal PartulMtiona in 
tbe Bolu Sfatara, Sd Bd. Cr, Sto. 7b. N. 
V(a^nSinB.— IfBCHANICAL THBORT OF BEAT. B7 R. OuiisiDB. Tniu- 
tatod bj W. R Bbowmi, M.A Cr. evn. 10s. 61I. 

—AN nrmoDnCTION TO THB THEORT OF KLBCTHIcrrt, 
(ACBCiiiaUHo,M.A,AsaiitantH4at£r>tRugbr. Hlostnled. Ct.Std. 

DIHIELL.— A TEXT-BOOE OP THE PRINCIPLBB OF PHISIOS. Bv . 

-.8c. rau»f ■■ "- 

MO Liaff 

EVBRETT.— ONITS AND PHT8ICAL OONSTANTa Bi J. D.BïiUTT,P.aa. 
Prareasor ot Httartl Fhtloaophy, Qumu'b GoUegs, BelbaL Sd Ed. Bi. bap, 

FEBRBRS.—AN KLEllBNTART TRKATtSB ON aPEERICAL HARH0NI08, 

ind Sut^ecti connected wlth them. B7 Rar. N. U. Fisuks, D.D., P.Ra, 

Mut« of OonilUe and Catna Collège, Cuibrldgs. Cr. Svo. Ta. 6d. 
FESSBKDEN. — FHTSICS FOR PUBLIC 8CH00L8. Bf C FnsuniDr 

lUnatraMd, Fcap. Sïq. WHUPrm 

QBAT.— THB THEORT Af D FRAOTIOE OF ABSOLttTB HBASUREUBN1S 

JS ELECTRICITT AND KAQNBTISM, By A. Quai, P.Ra.&, ProfeMoi 

of Pbrsica in tHe Uniiaraitr Collaga of NotUi Wales. Two Vola. Or. »n. 

Vol. I. 12a. 6d. [Vol. It Jn (A* JVbi, 

. ABSOLUTE MBASCRKMENTS IN BLBCTRIOITT AND MAONBTISM. M 

Ed., «Yl«*d and greatlj enlargad. Foap. gro. it. M. 
IBBETBCai.— TSE lUTHBHATIOAL THEORT OF PERFBCTLT BLASTIO 

BOLIDS, witb a Bhort Account ot Viacona FlaldB. Bj W. J. laamon, ltt< 



a«dar Scliolar of Clan Oollega, Oambfldgo. Sto. 

■ . CoDtaÏDiDg 

impies, sôibî) 

[TalvenltT of Londog. Bf D, E. 'jomib, Bbc., FÎoreagor oTFhTB 



IN PHYSICS. OontainiDg oier <IXIO Problem 
■— lolSblB fop candliJ ' 



tac, and othsr Eiamlnatl«ia 
BSc., Profe- ■ — 



, Feap. Bïo. 
LOOKTER.— CONTBIBnTIONBTOSOLABP] 

P.R.8. Wltli IllBstratloIia. Royal Sto. Sis. «a. 

• ~-WB OF ELBCTBIOITT. ByOLtïEB J. Lodoi, F.R8 
entai Phjsioi In CnlToralty Collège, LiTerpool. Hiua. 



LOBWT.— "OUESTlONa AND BXAMPLBS ON EXPBRIHBNTAI, PHT8IC8 : 
Sound, Ught, Beat, Electriclty, and MiKneHam. B» B. Lobby, BT.min.^ [„ 
Biptrimental Physics 10 the CoUe(i« of PMceptore. Foap. Sva Sa. 
•A ORADUATBD COURSE OF NATURAL SCIENCE FOR BLBHEMTART 
AND TBCBNICAI. 8CH0OL8 ANS COLLEGES. By tbe saine. In Thne 
Parts. Part I, Fiam Yeie's Cottast GJ. Byo. 38. 

Hn'TOM..-NUllERlCAL TABLES AND CONSTANTS IN BLBHENTART 
SCIBNCB. By a. LupniK. M.A., Isla Asaiatanli MaaMr at Earrow. Bi. tctp. 

lUOFASLAKB.—PHTBIOAL ARITHUETIU By A. HlCTUiLUi, D Se. laU 

Biaminsp in Matbematics at tlie Uniyetsitï of Bdlnbai^h. Or. 8n). 7». M. 
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V*lUTEL_SOlIHD: A SertM oT Simple, 



id. 'bïA-M. 1 



I in ths Fhmoman» of Bonnd. Bf A. M. Miïoi, ProfeMor of Phjiici 

ui uio Stevena Iiutltatii of TdcbDaEogy. UlniOïtAl. Cr. Sva SA- 6d, 
1UIER aud BARHARD.-LIOHT : A Seii« of Simple, BntartulDing, and In- 

«poniiïB Kiperlmenti Id Itie Phenonm» of LiglL Bjr A M. Hitir toi 

a. BiBHiBD. Illiutnted. Cr. Sro. Zs. éd. 
lOLLOT—aLBANINOS IN SOIENCE : Populu LKtnreu on Sclentiac Snbjects. 

ByttiB Ebï. a«»iLD MoLLOT, B.Se., Hector of Ihe Cmtholic Unlveislly of 

licknd. Sto. 7s. «d. 
IBWKMI.— PBINCIPIA Bdlted bj Prof. Bit W. Tbomso», P.RS, ind Prof, 

BUCKBDBKK. ItO. Slg. M. 

THE FIRST THBEB BEOTIONa OF NEWTOITS PRINCIPIA WIth Nolea 
u>d lilnstntiuns. ÀIbo s CoUection of ProbleiDS, princIpsU; Intanded u 
Eamplos of Newton'i Melhods. B^P. Pbost, M.A., 6.»;. M Ed. Svo. lî». 
" ■ TREATISB ON OPTICa. By S. PiKKiireo», D.D., F.R.S.. 

1 Prtïlector of Bt. Jolm'i Ckillege, Cambridge. 4tli Ed., rerlHd 



PfflBY. — STBAH: An Bloaunt*!? TrestlM. Bjr Johh Pïbbt, Proffmor 
ef Hachuiical Engineering ind Applied Mechanici at tha Techolcal Collège, 
Fïnibnry. IBvo. 4s. Kd. 

PIOKBBDia.— BLBMKNTB OP PHY8ICAL MANIPULATION. By Pref. Bo. 
wiu) C. PicKïRiKO. MedlmnBïo. Part L, 12b. 8d. Part IL, 14s. 
^ RBSTOB.— THE TBBORT OF LIOHT. Bf Tboku Psinoii, U.A Bina- 

THE THBOBT OP BEAT. By the aame Anthor. 8to, (7n prepondio». 

VUTLEK».— THE THEORT OF SOCHD. By Lohd Ratleioh, P.R.S. Syo. 

Vol. L, lïs. M. Vol, 11., lî». «d. IToL m. ItiUttFna. 

iBAHN AN ELBMBNTARY TRBATI8B ON HBAT, IN RELATION TO 

SIBAU AND THE STEAM - EH6INB. By Q. Sh>h», M.A lllustrated. 

BPOTTUWOODB.— POLARISATION OF LiaHT, Bj the lita W. Bpoitisiioodi, 

STEWABT.— Works by BiuoDR SiEWiET, F.B.B., îKlB Langwortby Profosaor of 
FliTiicg Id tbe Owena CDUeg^ Victoria Unlvenity, tfancbeetcr. 

V TBIUBR OF PHTHICB. Illostretad. Willi QoesUons. ISmo. la. 

V 'LISSONS IN ELBUENTABT PHT3ICS, lUuslnted. Fcsp. Sio. 4a. «d. 
■WBBTION8. By Prof, T. H, OoRi. Faap. Bïn, 2b, 

SIEWART and SEE.— LESBONB IN ELEMENTART PRACTICAL PHTSICS. 
By Balfoub 8TEW«flT, F.BB.. and W. W. Hxldane On, B.Bo. Or. Svo, 

MAOHÉria», 7». M. [Vol. III. Ornes, Hbjt, an, Bonsn, In &• Pna. 

'PEiCTICAL POT8IC8 FOR SOHOOia AND THE JUNIOR STUDENTS OF 
COLLEGES. Gl. 8ïo. Vol. I. Electriciti and Maqkitibm, Es, Od. 

[Vol. n. OracB, Hi*T, iBn Sonsn. Jn Iht Prm. 
BTOKES.— ON LIOHT. Bnnett Lectures, delirered in Aberdeen in iaS3-t-S. 
By Blr O. Q. Btokis. F,R.S., Lnculin PrafeHor of M&tbemstlcs Id the 
UidTenitf of Cambridge. Flret Course : On tre Satokk op Lioht. Second 
Couise: Os Lioht ab a Meanb or LivasTioATio». Thlrd Coiirsa; Oh thi 
BraerieiAi. BrrEcis or Lioht. Cr. 8ïo. Ta. Od, 

",■ The M wid 3d Conraes raaj be had separately. Or, 3ïo. Se. 6d, each. 
STOKB,— AN BLBMBNTAEY TRBATISE ON SOUND. By W. H. SroHB. 

IQuatralBd. Foap. Sïo. 8s. 9d. 
TAIT.— EBAT. By P. Q. Tait, Profcasor of Natnral Phlloaophy in the Unlverslty 
LECTFOREB ON SOUB RECBNT ADTANCES Uf PHI8I0AL BCIENCB. By 
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lATLOB.— SOUND AND MDSIO. An ElementarT TinldH on tlie Ph^iloil Con 
■UtDtlan ■■ ■■-—'—■ ■■ — ■- — ■ " — ■ — .--.-Ji — ... ™..-. . u_.i 

■UBi. 1 
IBOMPflOM. — ELBUBNTABT LESSONS IN XLECIRICITT AND 

ISU. By SaviHUB P. TDaunoH, Frlnclpil ui<l Profiwor of FbfsicB in the 

TMbnlckl Collège. Pinibni?. Ulnilnlwl. N«w Ed., nrlud. Vi»p.8io. 4s. M. 
TBOHSON. — Works tnr J. J. Thohso», FtofHsor of Bipsrimsntitl Fh jùca in tli* 

UnlTsnltr or CouMdga. ' 

A TBBATIBE ON THE MOTION OF VOBTEZ RINGS. Adanu Friie Busy, 

AFFLI0ATI0N8 OF DTNAHICS TO PHISICS AND CBBMISTBT. Cr. Sva 

Ti. «d. 
THOUSON.— Worka bf BIr W. Thoiuoh, P.B.S., Proftsiar ot Nstnnl FbUosophr 

EI^^TROSTATIOS AND HAGNETISM, KEPRINTS OF PAFEBa ON. 

_ _ i. AND B 

FUNCTIONS. Crown 8ïo. IOb, M. 
AHmrOKTOFTHB MiTHBMATICAL THKORIBB OF AirBAOTION, AND 
THBFIQUBBOFTHBBAKTH, From lie timeof Newton tothitorLapLue. 
avoli. 8.0. Mb. 
TDSNEB.— A COLLEijnON OF BXAMPLE8 OS HBAT «SD BLECTHICITY. 

Bf H. H. TuRHiB, Fellow otlYlnlt; Collège, CamtMdge. Cr. Svd. 2s. éd. 
WBIOHT.—LiaHT; A Cour» of Eiperimental Optici, chieS; wlth the Lutem 
Bj Liwu ffBioHT. Illnatrïted. Cr. 8ïo. îb. 6d. . 

ASTBONOMY. 

AIBT.— Works by Bit G. B. Aibt, E.C.B., formerly Astronomer.Roral. 
•POPULAR ASTBONOMT. ISmo. «.M. 

N ; An Elementsry Eipliutdon of tlie Piinclpil Pertnrbations ïn 



N THE PLANETART THEORT. 

Br C. H. H. Chuni. With Problsms. Sd Ed. Ediled bj Bev. A. Fruiun, 
If.A. F.B.AS. Cr. 8ro. 7a. M. 
OLASK BOd BADLEE.— THE 1 STAR GUIDE. B; L. Olabe ind H. SuiuR. 

Roy. s™, es. 
OBOSSLET, OLBDBHJ., tUd VILSOK.— A BANDBOOK OF DOUBLE STARS. 
Br B. Cboiblet, J. Oledhill, tmd J. IL Wilsok. Bto. Sis. 
COBBBOnONS TO THE HANDBOOK OF DOUBLE STARS. 8vo. Is. 
POBBBS.— TRANSIT OF VENUS. Bf G. FOBse, Pivrassor of Nmtunl Phllo- 
Bophr in tto AnderaonUin Unlveralty, Glaagow, IlluatrBled. Or. ÉWo. Sa. Bd. 
GODFBAT.-^ Works br Roaa QoonuT, U.A., Msthematical Lectuiei at Pembroks 
Collège, Cambridge. 
A TBEATISB ON ASTBONOMT. llliEd. 8ïo. Iï8.ed. 
AN BLBMÏNTABT TRKATI3E ON THE LUNAR THEORT, with ■ brCet 
Sketch ot the Problein up to tbe time of Newton. îd Ed., reïised. Cf. SïO. 

LOOKYBR.— Works by J. Nohh.s Loceïeh, P,S.S. 
•PBIMER OP ASTBONCMT. Eluatrated. ISmo. la. 
V 'BLEUENTARY LESSONS IN ASTRONCMT. WlUi Speotn oT the Son, Stua, 
■nd Nebulie, and numetoua Ulnstistions. BWk Tbonsuid. BcTlsed Uirongli. 

•(JOBBTIONB ON LOCKTER'S ELBMBNTABY LBBSONS IN ARTRONOHT. 
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À8TE0N0MT — HISTOEICAL U 

THB CanflffTRT Qg THK BUIf. HJnalntHL «to. 14a. 

THB VKTBORrnO HT70THE8IB OF THB ORIfllN 09 OOSMIOAL 

SrSTBUa. llliutnted. 8to. ITl, Dd 
THB BVOLDTION OF THE H&ATXN8 AND THB BARTH. Cr. tn. Ilhu- 

LOOKTEa and SSA2S0KE.-STAIt.aAZINa PABTAHD PRESENT. Bt J. 
NOBMU LocETiB, P.R& BimhM froDi Sbocthud Note! wlth th« 

___,_- .. .^ , F.RA8, Ror»18T0. Hl 

By a Nïworan, LL.D., PnlMwi 
IBiL.nTiHd. «TD. lea. 

HISTOBIOAI^ 

BAIL ^A 8HOBT ACCOimT OF THB HISTOKT OF UATHEUATICS. Bl W. 

W. B. Bau , H.A. Cr. Bvo. 10s. éd. 
KmUUMTEH.— Woik* by luio TouHcunK, F.K.S. 
A HI3TOBT OF THB HATHBMATICAL THBOBY OF PR0BABILIT7 tram 

Oie Mms ot Puai to thit of I^plu». Sto. ISl 
A HISTORT OF THB HATHEMATIOAL THEORIB8 OF ATTRAOTIOH. 
AND THE FIGURE OF THB BARrâ, boa lli« tlme ot Nsirtoi) to Uut of 
lAplsce. 1 TOli. Sm. ttt. 



NSTURXIi SCIENCES. 

Oliamlctrj; nyilaal Oaogr^dljt Gaology, ul Wnanlogr ; BtolOKTt 

(Pot ME0HANIC8, PHY81CS, and ASTRONOMY, Ht 
HATHEXATIOS.) 

OHBMISTB7, 



'■OMSK.— THB 0WBN3 OOtiLBQB OOUBSB OF PRAOIICAL OROAtflO 
OHBUISTBT. BtJdudiROohci, Pb.D,, Amiitint Lwtureron Ohsœlib? 
tn a» Othu 0[dU■^ HtMliuMT. Wlth s Pnlkce by Bir Hehbï Boaooi, 
F.B.B., uid 0. BcHOMLDiii™, F.RS. Tiap. 8to. a., od. 
OOOKB.— KLBIUHia OF OHSHIOAL PHTSIŒ. By JoauH P. Cooil, Jm., 
BniDE PrafUutofOhaiiiMiTiuid KJauiIngyiuHuiuilIItdTenity. 4tliBd. 

FLBISOBBB.— ASTSTKUOFVOLnHBTBlOANALTSia. By Bhil Funcim. 

TmiBUted, wtth Notai udAddltlau, bjM. 11. P. Uuib, F.It.B.B. niMlnMd. 

Or. Sro. )s.«d. 
FUNKLAin).— A HANDBOOK OF AQttlOtJLTt BAL OBEMIOAL ASALraiB. 

By F. F. FBtMiLtHD, F.RB., PrafeHor ot Chemlitry in Unlvanity Oollag», 

DandH. Cr. Sn. Ta. M. 
UBTIXT.— A COURSB OF OpANTITATITE ANALTSia FOR STnDBSIfl. 

_ ™ ., — T, „ n-i. t^-. ™.._... J...--1,.., Cbsinll. 



By W. Non. Hiatlit, P.R.S..ProfHaotofObemlltryudar Applied Cbai 
tiVi BciaDCS and Art Departmaot, Royal Oolleg* ot Sd«D«, Dnbllo. 

lOSim.— FBAOTIOAL USTALLUROT AND ASSAYINO. A Tsit-Book fdr 
Ui« nan of Teacban, Stadenti, and Aaaayera. By AKTHm H. Hiobhs, Frio. 
oipal of tbe Bchool of Matallui^, Birmingham and Hldlabd Initltate. Illna. 

C 
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U NATtlSAL BOtESCËS 

A TBZT-BOOK OF EUltSKTABT HKTALLUBOT FOB THK DBB 01 
STUDBtnS. To wMch it addad ta Appendli of Bnmtiatifm QiuMlanB, em 
bndnf tha whole ot tfae QufjtioDi Ht m the thrve Btut* of tbo nUvct b^ thi 
Bolannud Art Department forthfl put Cwmtr rem. BTtlMiiuie. QLSvo. 4s 

IBOH AND STBEL XANUFACTUKB. A Teit-Book loi Btsiaoen. Bj th. 
■uu. ntonnted. OL Gvo. Sa. «d. 

MIXBS tIBTAl£ AND MBTALLIO ALLOra B^ the Huns. QL 8to. 6>. 

JOjreS.— ■TSBOWBNS00LLBGKJCNIORCX)lIBaB0F 

laTRT. By " ■ ~ 

tjUBBTlOsa ON^ OHEUISTRY. ABerieiDr Problemi lad BiercLxi lu Inoiganlc 

uid OigiDic CbemiitrT. B; ths Hmo. Vap. Bto. Si. 
LANVAUEB.— BLOWFIPS ANALiaiS. B j J. IiUfDiDCB. AathoTlsHl Euelisb 

SdJtloD br J. TiiLOH nod W. B, Kat, o( Oirana GoUsge, l(iuichul«r. 

IW™ ïattùm tu jinj 

LOOETBB.— TBE OHEH IBTBT OF THE BUN. Bf J. Kobiuh Locitkb, F 

nioitntnd. Bto. lli. 
LUPTOH.— CHBUIOAL ARITHMETia Wlth 1«» Pniblenu. Bj a LUPTOS, 

H. A. M Ed., nviwd ind abridged. Fcap, Sto. 41. Sd. 
MANSnEU».— A THEORY O? SAINTS. B]r C. B. Huranaui. Crown Sro. 14a. 
MBLDOLA.— THE OHEKISTRT OF PHOTOORAPHT. Bt Rafhxxl Uiumli, 

F.Ra, Ptofaaaorof Chwnlibr In Uie ToehnlcalCoUago, Plnabury. Cr. 8vo. ta. 
HSTBR. HIBTORT OF OHEMIBTBT. Bj GumniH UncB. Twulated by 

Qtotaw M<«o«U(, Pb-D. «m. {In Oe Pna. 

lOXTBK.— ANHLSMBNTABTTEXT-BOOKOrOHBmSTBI. B^WiLLiutO. 

Mima, Froftaaor of CtemlatrT In tbt ShalBeld Bcteutific BchOQl of Tais CaUwe. 

Id and nrlaed Ed. Cr. Svo. Ta. M. 
MIRR.— PRAOnOAL CHBUISTKT FOB HEDIOAI, 5TUDBNTS, Speclally ar. 

langsdforthslntM.B.Ooiins. BylLM. P. Hiiib, F.R.3.K, Fellawaud Fn- 

iKtDrlnOhsmlitryaCOonTlIlaaDdOalniCoUfge, Cambridge. Fcap. Sto. IaM. 
miB and WILSOH.— THE BUUBNTS OF TUERUAL OEBUISTBY. Br U. 

M. F. MniB, F.RB.E. ; aa^ta] b^ D. H. Wilboh. «vo. 1^. M. 
OSTWALD. — OtlTLINES OP OBHBBAL CHBMISTRT (PHT8ICAL AND 

TUBORETIGAL). Bt Frot W. OnwaLD. Tnrulatsd by Jxum VuEEB, 

D.Sc, Pb-D, Sio. 10a. Mt. 
■AMBAT.— BXPBBIHEHTAI. PROOFE OF OHBUIOAL THEORI FOB BB- 

OINKBRS. Bj WiLLUK Ruoit, F.B.S., Ftolouar of Cbemlatry In nnlTsr- 

alty Ooll^s, Loudon. Fott Sto. Ht. éd. 
REIIBEH.— Works hy I&i KimiH, FrofMaoc of ChtanMa In Ois Jidms Hopktni 

DBlTmlty, U.8.A. 

V OOHPOUNDS OF CARBON : or, Organlo OhcmMry, an IntrodacUon to tbe 

BCiidy ot Cr. Bto. Os. M. 
•^iS INTBODOCIION TO THB STUDY OP 0HBMI8TRÏ ONOBOAMIO 
^ OHEHIBTRT). Ci. Sto. Sa. Sd. 
•THE BLBMBST8 OF CBBMISTRT. A TeitBoak fgr Beslnaan. Poap. Sto. 

î». Sd. -B i~ 

A TBXT-BOOK OF INORGAmC CHBMISTRT. Sto. Ifla. 
R0800B.— WorkibyairHiKaTK.Roeco«, F,R.a,,fofinBrlyPiote«>orofCli«miitiy 
in tbe Owena Collegg, Victoria Cnivenlty, Manchutsr. 

V •PRIMBROFOHBMISTBT. Blostralad. Wltb QoeatiooB. ISmo. la, 

V •meaosB mt xlementart cHBMiaTBT, ihoroahio and oROAitia 

WltA BlnatratloDa and ChromolitliD oF tbt Solar Bpectrum, and ot Chs AUcaUet 
and Alkallns brUii. Fcap. Svo. 4i. 6d. 
B0800E And BOHORLEUIEB.— INOBOANIO AND ORQANIC 0HBUI8TBT. 
A Oomplste Treatdaaan Inoisanloand Oi^anlc Obamlab?. By Sir HmaiX 
Bncoi, F.aa, and Prof. 0. BcaOELEUun, F.R.a. lUustratod. gio. 
Voli. L and II. IHORGANIO OHEUISTRT. Vol. I,— Tbe Non-MetalUs EU- 
mania. !d Ed. lia. VoL IL Fart I.—Metala. ISa. FartlL—UatalA W. 
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PEYSIOAL GBOORAPHT — QEOLOOT 



Il CoUege, TlctorU Unlranltr. WlCh AppsndicH, 



BMOOB and aJHUBTKIt,— SPBOTBUM AHALTBIS. L«huH dtllTand in 
1B98. By 8ir HitHHT Boacoi, F,R.a. 4tb Bd., nrlHd uid conriderïM" •"- 

sffiiï ' ----- - 

ninatntioiu, md Plutoi. Sto. : 
nHOBPS.— A BEKrBB 0¥ CHEMIOAL PHOBLBIIB, prtpmd wllli SpecIU 

It(tsnDC« tD Blr Henir Roicos'i Lhsodi io BIcmentorT Ohemiiby, I17 T. fl. 

TBoara, F.R-S., FroTaioc or Ohemliby In tbe Normil ScWl of Bclesa, Sovtb 

EeniinBton, adspUd toi th« Prepontlon ol Btadenta tor thg OoisninwDt. 

Bden», ud fiocistf of jkitl Knuniutloiu. WIUi ■ Pnba br Blr H. E. 

Bosooi, F.B.8. NswU. (inOéFntÊ. 

IHOAPE anl BtlOKBB.~A TBEATISI OH CHBMtCAL FHTSICS. B; ProT. 

T. S. TaoBFI, F.KS., KDd Fluf. A. W. RticUR, F.KB. Dlnitntsd. »td. 

I/n pn pâ ratiûn. 
WUKTZ.— A HIBIOHY OF OHBHIOAL THBOBT. B7 As. WnaM. mniiUtod 

br Hdtbt Wim, F.B.B. OrowD Svo. U. 

PHTSIOAL GBOaBAPHT. GEOLOOT, AND 
MINEKALOaY. 



B; H. F. SuBrOBij, F.O.a. nioatrated. 

'UIiAKTREATISBON THE wi«i«t. uompmfngtlie G«i«»l 
e AtniagpbBn, UouHoiu, Cyclonsg, Tomadou, Watsrapoati, 



m FBtRD, W-A., Uember of tli« Ai 

ILJL. F.Ô.âTHÔiL Vi 

lugad. Sto. 121. 
SSIXIE. —Works br Amvibuji Oima, LL.D., F.RB., Dlrector-OSDuml af tbe 

0«olDg!tal Snrvfiy of Gntt Britain BDd Iraluid. 
■FRIMER O F PHTSlOALaEOORAPHT. ninstnited. With QiuBtloDi. ISœo. 1i. 
VtaLEHENTAKILESSONSIHPHYâlCALaBOaRAPHr. ninstntad. Fc&p. 

«10. U.«d. •QUESTIONS ON THE aAMB. U. M. 
■PRIMER OP QEOLOGÏ. lUiuCnted. Wino. U. 
■CLASS'BOOE OF QBOLOaT. Illustntod. New und Cliupei Ed. Cr. Bro. 

ta. éd. 
TEZT-BOOE OF OEOLOGY. lUlutntWL H Ed., Ith Tbouund, nriied ud 

enlorgad. gro. SBi. 
ODTLlHEa OF FIELD GBOLOar. llloatistod. Sx. fcip, 8fo. Ss. M. 
THB 8CBNERT AND OEOLOGT OF SCOTLAND, VIBWBD IN OONMEXION 

WITH ira PHT8I0AL QBOLOGT. UlmOsted. Cr. Bra. lïa. M. 
HOXl^EI.— PHTSIOQRAPHY. An Introdnotloii to the Sfndy of Nitnre. Bj 

T. H. Hu11.IT, F.B.S. niustraUd. Newiad Cheapei EditioD. Cr.gvo. 6a, 
LOCKTEB.— 0TJTLINK8 OF PHTSIOGRAPHT— THE MOVBMENTS OP THB 

BAâTU, Bt J. Nobkui Lociim, P.R.B., Bisinin«r lu Ptaralographr for ttae 

Bdoaee tnd Art DepuImBnt. lUustrat^d. Cr. Svo. Bowed, la. M. 
PHILLIFS.— A TBEATI3B ON ORE DBFOBITS. Bjr J. AjrravK FaiLLin, F.R.& 

lUnabsted. Ico. SEa. 
BOSSNBUBGH AUd IDDDIOB.— mCROaoOFlCAL PHYSIOORAPHY OF THB 

BOCK-MAKINOMINERALB: ANAIDTOTHl 

OF ROCKS. By H. RooatBtiBCH. TTinalattd u 

nioitnted. Svo. i4s. 
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H NATUBAL SCIENCES 

BIOLOQT. 

ÀLLBH.—OV THE OOLOTtBS OF FLOWIBS, u lUnttntcd 1d tha Brilteh Flon. 

BrOBiKT Allih. niiutntcd. Cr. Std. Bê. M. 
B&LFOnO.— A TBBATISB ON COMFAIUTIVB BUBRTOLOGf. B; F. H. 

Bu.roiiB, F.R.B., Falloir mnii Lectonr ot Trlulty GcU^ia, Gunlridgs. mni- 



ud H. lUUHiLL WiED, F.R.8., ProffBtoi . . , 

Inglnoaring Collège, Coopw'a Htll. Sto. {In fTtparaUon. 

•BBITANT.— FIHST LKSSON8 IN PRACTICAl BOTANY. By Q. T. BRTAKr. 



L-IV. nadr. 8*. eub, net Vol L «Sa. 
HinuiB ud SOOTT.— UANHAL OP YBGXTABLB PHÎSIOLOOT. 
ProFasKic A. B. Obdbcb, and D. H. Scan, D.Sc, Lastonr la the N 
Schml Df Bcleo». llliutnled. Cr, Sro. 
COPE.— THB ORIGIN OF THB riTTKgT. Baai;) on EvolDUÔn.' Bj 

OENXBAL OBNITHOLOOT. B; 

aiaWDI.— MBMOBIAL NOnCBS OP OHARLKB dÂbWIN, F.R8., oto. B» 
T. e. HniLSï, F.B.S., O. J. Bokabis, F.B.8., Abchibald Oukie, P.R8., 
«ad W. T. Thuiltoh Dymb, P.B.S. Roprintid from !fattm. With m For- 
tnLC Or. Svo. 3a. »d. 

EIMB8,— OBGANIO EVOLOTION AS THK RKaULT OF THB INHERITANOB 
OP ACQUIRXD CEARACTBRâ ACCORDINO TO THB I^wa OF OR- 
HANIO QBOWTH. By Dr. Q. H. Thiodo» Biirea. TnuiBlated br J. t. 
Ci7iiHiiraBÀX,F.R9.B.,lateFelIoworDDlTerBltïCollege,OifonL Sto. 13B.Sd. 

FSAKNLET^A MANUAL OF BLBHBNTABT PBACTrOAL HiaTOLOOr. 
By WiLLUn FtiBHLït. EloHtratffli. Or. Sto. T». 6d. 

FLOWER and OADOW.— AN INTRODUCTION TO THB OBTBOLOOT OF 
THB MAMUALIA. B; W. H. Floiteb, F.R.S., Dlnctor of UieNatmal Hl» 
tc^ Dotulmenta o( tha BritiBli MiiBeDio, ninibited. Bd Bd. BerliedviUi 
tluai^itucaof Hun Qidow, Fb.D., Lectonr on Cha Admioed UârpholtaT 
of Tn tabmt*» la the CnlveraLtj of Cmilaldg& Ot. Bm. 10a. «d. 

POSTES.— Woib br Uichàel FoeimK, M.D., Profenor ot Phyiiology lu tba Ilnt 

vanit? of OuDbrtdge. 
•PBDIBR OP PHT9IOL0GT. lUiiitratad. ISrao. la. 
A TBXT-BOOK OP PHTBIOLOGY. IlluJtrBted. ûUi Ed.,largBly«ri«a. la 
ThreaPaiii. Svo. Part I., comprlBlogBookL filood— The Tlasaeg or ICoia- 
■ment, The ViBculir Meohinism. 10s. Cd. Pirt IL, comprlaing Book II. 
The TlsiDea or Cheniiol Action, with tlwtr Respective Hechaniama— Natritloil. 
lOs. M. P«rt m. The Centisl Notvons Syatem. 7a. M. 

POSTER ail BALPOnR.— THE BLBUENTS OF EHBBTOLOaT. Bt PtoC 
MtoBiBL FoeiïB, M.D., and the lata F. H. BiUODB, P.Ra, Profeuor ot 
Animal Uorptiologv in the Univenlty of Cambridge. M Ed., Terlsed. Bdited 
by A. BïDoirioijiï.A., Fellow and Aseti-tatit Ceotorer of IWnlty OdUbr 
CSunbfldec, and w. Heipb, U.A., lal« LiemonilntoT In the Uorpholoid^ 
Ijbo iMtory of the Universlty of Cambridge. lUoatnled. Cr. Bra. Itta.^ 

POSTES Ud LANOLBT.— A OODBSB OF BIiBUBNTART PRACTIOAL 
PHTSIOLOOT AND HIST0L06T. By ProL Kicbul Fartât, H D aid 
J. N. LtMOLn, F.B.&, Fellow of Iiliillgr Ooilegs, t^mbrUg*. etfa Ed. Or. 
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XHXT-BOOK OF THE 

THE A^'I1LAL BODT. Includlne i 
oociirriiie In Dii«>M. Bf A. """«^ 

000DAI.B^PHTSIOLOaiCIAL B0TAI4T. L OntUuH o 



OBAT.— frlRUOTURAL BOTANY, OB OIUlAHOaitAPHr OS THfl BASQ 

OP MOHPHOLOGY. To whlei I .. . . 

Fhjtf^ivphT, ud ft QI0HU7 ot Bf 



F TBBES. Bï Dr. Bosut 
..D.Œ., Leotnrero- " •— 

L Wasd. Sto. llnf 

SOOKEB Worki b7 81r JotiTB Boom, F.RS., Ae. 

•PRIMBR OF fiOTAKT. lUnrtnUd. ISmo. Il 

THa STUDBHTS FLOBA OF TES BBITIBE IBLANDS. Sd BlL, nrEMd. 
OL 8*0. lOi. Sd. 
HVWE8.-AK ATLAfi OP PRAOnOAL KLBHBKTABT BIOLOGY. By O. B. 
Howa, AjIBlaUnt FntesKi or Zoolcwr. Nomul Bchool of Bctenca uid Bojml 
BcbooîafKlnu. Witti ■ Fnltae bf Fn>t T. H. Hinu.IT, F.KB. «U. lU. 
EDXIjBT.— Works by ProT. T. H. Hdujt, F.B.S. 
■INTBODDOroRY PKnIBR OF BOIEHOB. ISmo, Ifc 
•LBSBOHS IN XLEHBHTARY PHYSIOLOOY. Illiutmtsd. Fop. 8T0. tt. «d. 
•dUBSTlONB ON HDXLBYS PHYBIOLOQY. By T. AiCOci, M,D. ISmo. 

HDXLBY uid MAKTW.— A OOUHSB OF PRACTTIOAL lUaTRUCTION IN 
EUiMENTAHÏ BiOLOÛY. By Prof. T. H. Builiy, F.B.a., asilstad by 
H. R. Mabiih, P.R8., ProfMâor ol BLology !n the Johns Hopklni UulTenltv, 
D.&A. Ne» Ed., nvlsed ud utinided br G. B. Hdkb ud D. H. Soott, 
Fb.D.. AuigCut FrofesHOn. Normal Bchool of Baienct ud RdvhI Bcboot or 
Min». WiU) ■ fretHa by T. H. UuiLn, F.B.8. Cr. Bio. idt. M. 

CBIH. — Works bj E. Elbiv, F.R,B., Lectnrar ou Goïianl Aiutoiny uad Ftysio- 
logr la the Médical Scbool or BC Bsrttaolomew'i HoaplMl, Pioruwv of 
B«cterloli^ il tlis Collège of Stalo Hedloine, London. 
KICRO ORGANISMS AND DISEASa Ad lotrodactlos Into tJu Btud; <a 

Spaeiflo Mloro-Otgaiilsmi JUmttsted. M Bd,, poviied. Or, an. «b. 
THB BAMBRIA IN A8IATI0 OHOLBRA. Or. SïO. 6a. 

LàNO.— TBXT-BOOK OF OOUPARATTVE ANATOUY. By Dr. Abmou) Lura, 
Piafogiar oTZooIogï in ths Unlvsrsity of Znricli. TrioBlited by H. tl. Bibhisd. 
M.A., udM. BsBHiMi. Introdnctlon by Fiot B. HiicKM, î vole. Dlua- 
tntcd. Gio. [fn UU Pm. 

UNEBBTBB.— Work( by E. Bit LmKnnn, F.B.a, Un&cn Proftewii of 
Hiunwi and OompsisUre Analomy lu Uie Unlierally of OiToid. 
A TBXT-BOOE OF ZOOLOQY. 810. lin prtpanttim. 

THB AOVANCBUEKT OF SCIENCH. Oosulonsl Ebutb aad Addnaua. ito. 
lDii.ed. 
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S8 NATUKAL 801ENCES 

ON BRinSB VIIJ> TLOWXBS O0K8IIIBBBD IN BBLATION TO IH- 

BKnS. niutnMd. Or. Btd. 4«. M. 
FLOWSRS, PBDrre. AND LBAVS8. Ilhutrat^ M Bd. Ot.Sn. 4a. «d. 
aCIKNTIPIG LBCrURSa sa Ed. Sto. . te. Sd. 

FIFTT YBAB8 Of 8CIBN0B. Beliic flis Addnsa delifsred «t Yoik to tlM 
Brttiih Auoclktloii, AngoM 1881. Eth Kd. Or. Sm. le Od. 
KIBTIN lUd HOALE.-ON THB SIBâBOnON OP VBRTEBRATB ANUCALS. 
Bf Frat Q. N. ILiBTTB ud W. A. Uoalc Or. Sm. (Jn pnEparotioiL 

mVAKT.— I.XSSOSB IN ELEXBNTART AKATOVÏ. Bt St. OioBai Uivakt, 
P.ILB., Laclora on Comjwntlvc Anilom; it St. Uuy'i BoqillaL Dlulasted. 
Fup. Bm «>. Cd. 
HBLLBB.— THB FEBTILiaATIOII OF FLOWERS. Br HsuUB UDU.SM. 
Tnnditsil ud Bditod bvD'Aim V. THoiipsoa, B.A.,Praf<«ior<if BIoIokt in 
nnlTemtT CoUtea, Diuidt». Wltb t. PnOoa br C. buni», P.K.a ma»- 
tatw L 8TO. SI». 
OUVBR.— Works by DiKiiL OuTXB, F.S.B., Ut* Probmn of Botanj In TTnf. 
venltf CoUtgt, LondoD. 
■LBS80NB IH BLEUENTASY BOTAKT. QlDstntal. Fcsp. Btd. ta. Sd. 
FISST BOOE OF INDIAN BOTAIIT. Blutimtod. Ei. ICip. Sro. Sl M. 
PAREBE.— Worlu bj T. Jbrbt Puub, P.aS., FntaBor ot Kolog; lu Um 
UnlTenltr ot Ob^o, H«* EMOasd. 
ACOOBSE OF tNBIBUOIION IN 200T0KT (VEBTBBHATA). lUiutntsd. 

Or. Sto. Si. m. 

LB8BOM8 111 ELBUENTABr BIOLOOy. lUnMnttd. Or. «to. 11*0^ Prtti. 

PABKES Ud BBTTAMY.— THB MORPHOLOQT OP THS BKDLL. By PpoC 

W. E. FiuUB, F.R.S., und O. T. Bettaky. lUiutnlsd. Or. Svo. lOs. éd. 

BOIUMBB.— THB SCIENTIFIO EVIDENCES OF ORQANIO EVOLUTION. 

By OnBoc J. RoHina, P.B.B., Eoologlcil aecntai; ot tli« Lluitui Soctet?. 

8EDQWI0E.— A SDPPI4BHBNT TO F. M. BALFOUB'S TRBATISE OH EK- 
BBIOLOQY. B; Aum SEDOirica, F.B.8., Felloir ud Lectonr or TrioitT 
OollegG, Cuihridge. magtnted. Sto. [IWpnparaMim. 

BEOFELDT.— THE KTOLOGT OF THE RAVES {CcTTK. airax i(<nn(iuX A 
QuMe lo the Btudy ot tb« Hossulu SysUm In Biidi. B7 R. W. Shdtbliit. 



8IBWART ind OOBRT.— A FLORA OF THE NORTHEAST OP IRELAND. 
Inoludluctlit Fbuaroguiiii, tlis Onptogiunlii ViBculaiis, asd tbe Hiuiclnas. 
Bt B. A.aiwWàMt, Ciintar ot Uk OollMldonB In tiie Belfast Utueum, ud tba 
M» T. H. COUT, H.A., Ltdanr ou Botanyln tlie UniTsieltT Ucdlcal ud 
Boloiiefl Schocdi, CunbiidgB. Cr. 8to. fia- fld. 

VAUéAOB.— DABWnriBlI : As En«itloii of tlie Theow of Nutonl Saleotioiv 
«Ith «onui of ita AppUcatloiu. B; Altsu Rdsui. Wujj.01, U1.D., F.KB. 
8dEd. Or. Sto. ta. 

WlSa— TIHBER ANC SOHB OF ItS DISBAfiES. By H. IfAHaBllx Wun, 
F.R.a, Proltaaor ot Botan; in ths Bojal lodlan Bn^aeetliig OoUtg*, Cooparï 
Hia Dliiatniled. Cr. 8vo. «g. . r- 

WŒDBESHBDL-^BLBUBHTB OP THE OOMPARATITB ANATOKY OF 
VBRTEBRATEB. By Frot B. Whdbrshuh. Adapl«d br W. Knmw 
FaBuE, ProfOioT ot Blology In the UniTsnity Collège of Sonth WilM ud 
HoBUoattiilkln. WlOi Addition!. Dlustntad. Bn> lli. 6d. 

medioutb. 

BLTTB.^A1UMCAL0F PUBLIC HBAI/TH. BjrA. Wl>TUBLini,M.B.C.B. 
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HXDicmB te 

BRDVTOK.— Worki b; T. Liomt BaninDH, M.D., F.B.S., RntnlMr In Kilatte 
Médirai lu Uie UDlvsnltj of LandOD, in tbs Vietorii UnlTRiltr, ud ta Ou 
BojKl Collegs of Pbfsislui, London. 
ATHXT-BOOK OF PaABMAOOLOOT, THBBAFBDTIO^ AKD MATKRIA 
IIBDICA. Adibtad to tbeUnlUdBtalei PhumioopoeUbr F. H. WiLUun, 
M.D., Boitoa, lliiH. Bd ad. Adtptti to Uia New BrlClih Fhunuopad*, 
1BB&. 8vu. £1i. 

OF HATBRIA UKDICA: A OompulDn to tha lUtoii lltdka 

CONNECTION BXTWBBN OHÏMICAI. OONSTmiTION AHD 

__ —ION, BBINQ AN INTBODnOTION TO MODBRK 

THERAPEUTIC8. CrwDiui Leotuni. Bio. (In UU Prm. 

aiFirrEB.— LESBONB on prescriptions and thb abt of prx- 

BCRIBINO. B; W. Hâsh». Qbutitbb. AdipMd to tbs FtiuiiiiiC0[KsU, 198S. 



r on QBuATml Anktom^ imd PTifilo* 
loCT m infi jiMicai ocuaoi or ql lurLDOioniew'i Ho8p!t«!, London. 
WCBO-OBOANISMS AND D13EABB. An Introduction Into the Btadr of 

SfHoiflo Ktcm-OrgiDjaraB. IIliutrtiEed. Sd Sd., nrlKd. Cr. 8ta. M. 
THB BACTBRIA IN ASIATiO CHOLBRA. Ci. Bvo. (W. 
CE.— A TEXT-BOOK OF OBNKRAL THKRAPKUTI08. 



GuT?koiplUL Illiutn 



Is Usttrlc lladlu il 



B1«Q^vdiAgno^< — El«otToth«r»p«nÛc< — BTpnotiiiii, Its Ûode âî Prodneu.^ 
FhcDomsiu, aod BubdlTiiknu— Tlie Thenpcattc AppDeiitlODI oT Hrpitotlini— 
Hetiillo.Tlianp]i— TtettmaDt oT DiH*»i or ths BpluI Conl b^ Bnipeurinn— 

ZIEaLEa-IU0AIJSTER.~TEXT-BOOE OF PATHOLOGIOAL ANATOHY 

AND PATHOOBNESI& Rj Frof B. ZiioLn. Tnnilitsd ud Bdittd b; 

Dtnuuj HicuiniB, M.A., M.T>., Fellow ud Hcdlmil Ltctonr of Sk John'i 

Oollege. Cunbrldge. tUnMnttd. Sn. 
PirtL-~OENBBALPATHOLOaiCAL ANATOUr. Sd Bd. lia. 6d. 
Fut D.-SPECIAL PATBOLOOICAI. ANATOHY. S«tlou L-VU. Sd Bd. 

13t. U. BbdUoiu IX.-IIL lU.Sd. 



HUMAH SCIENCES. 

idPoUttoii 

MENTAL AITD MORAL FHILOSOPH7. 

BÂLDWm.— HANDBOOE OF PBrCHOLOQT: BBHSBS AND INTELLBC 
By Piof. J. M. BlLDWIii, M.A., IjL.O. 2d Ed. , nrlBcd, Svo. Ib. N. 
VBOOLB.— THB HÀTBBHATICAL ANAIiTBIS OF LOOIO. BelDg u Bu 
towuda « CftleDlni ot Didoctln Beuoslng. By Oun» Boolm. avo. Sa. 
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U H0HA2T SOTKNCES 

OALDBBWOM).— HANDBOOK OF HORU. PHILOSOPHI. Bg Bar. Sbibt 
OAUmtiiooD, Uj.D., Froftawr of Honl FbUocophj in Uib UnlTcrsitT' ot 
■diDbnrglL 14t)i ■£, liTgilT nwrittUL Or. Bvo. tê, 
ŒJFFOBD.-SIKINO AMD THINKINa. Bf tfaa l*t> ProC W. E. CurwoBIi, 

, F.aa WIth Dligniu Or. In. U. M. 

SâRDIMa.— ODTLINBS OF FUÏlUlOLOOr. Br Piot BCmnia. Traoslatod 

bï K. B. Lownn. Or. »to. [/h a< JTwn 

VUm.— THB FRINCIPLBS OF FSIOROJjOaT. B; Wh. Juma, PmfiisKr 

of F«FClio1ocT ID HuTwd UnlTo^ty. t toIs. Sto- tCs. oel 

JA&DOn.— THE ZLKMBNTS OF THB FSTOHOLOaTOF OOONnTOK. B; 

Bar. ROBIKT JiSDnn, D.Bc )d Bd-, nrlHd. Or. Bto. ta, M. 
JZVOm.— Worki bf W. BtuiLBT JnOBs, F.B.S. 
*FIUIIBR OF LOOIO. IKmo. Il 

V *XLBIIBNTARI USSONB tN LOGIC, Bednctln utd ladoctlK, wlU> Copioiu 

âiHillouudXiunl«,Kid>Toeabul*nD[Li»icalTamii. FcBp.Sro. Sx. M. 

V THB FBINOIFUSS OFSClBHOa A TreUiH oaLoglB ud Bolcntmo Kethod. 
* Hbw ud mlHd Ed. Or. Sm llL Dd. 

^BTUDIBS IN DBDCOnVB LOam M Bd. Or. Sm Si. 

P0RB LOGIO: AND OTBEB HINOB WOBKS. Editai b; R. Aduiboh, 
M.A., UaD., Pnirauor of Logic at Owani Collège, Uinihatar, and Haksict 
A. JiTOHi. Wilh a FnAice bf Frot Auasov. Sro. 10s. M. 

wra Nautt : VoL IL dUTIQUB OF V 
ItOu.- 



BN0LI8H BBADEIta By J. P. Mxh , 

In Oa tJnlTanltT or Dublin, and Johh H. Bsehibd, B.D., Fellov ot Trinitr 
asU^a, DnUln. A naw and complète Bdltioa 1d t rola. Cr. Sn. 
ToL J. T8« Kttmi oï FnsK Rbibob «iPLuinn itm dïtxsiud. Ta. éd. 
Toi. IL Thi Pkouooiibii. Tianalated wlth Notaa aod Appaudliua. Sa. 
v'KEYXEa.—FOBUALLOQIC.StadlesUjdBnreluda. iDclndiug a Oanerallutlon 
of Logical Procm» In tbelr sppUcatloQ to Complei InTgreocei. B; JoHir 
NiviLLi Eims, ILA. 3d Bd., levlasdaDd anlarged. Cr. 8vo. Ida. «d. 
HtOOSH.— Wocki bj Jaub UoOoaH, D.D., Fnaldoiit of Frlncohm CoU^c. 
F8TCH0L0QT. Cr. Bto. 

L TES OOGHITIVB POWEBS. «a. Sd. 



FIRST AHD FCHDAHBrnAL TRUTHB: belng a TreatKa on Hstaplirtic». 

MADBIOB.— MORAL AND METAPHTaiCAI, PHILOSOPHY. Bj F. D. 

UinBict. M.A., lita Frarenor of Konl FbUosophT In ttas Unlvaral^ of (km. 

bride». VoL L— Aaeient Philoaophi and Oie Fiiat to the TblTteenUi Centnri». 

VoL il.— Fonrtcaoth Centozy and tna Franch Rarolnldon, witb a glimpia into 

tJi» NiBBtianth Cantnrj. lUi Bd. a ioIb. Sro. 16», 
•BAT. — ATaXT-BOOKOF DBDUCTIVH LOOIO POU THB T78B OF STODaNTS, 

By F. E. Bit, D.Bc, Frofeaior of Loglo and PhlloBophr, Pnaldiuior Colleci. 

Calcutta. IthEd. CHobaSva. «a. «d. 
BIDOWIOE.— Workg b; Hihbt SiDOTim, LL.D., D.O.L., Knightbridga Frofeaaor 

of M oral P hlloaopliy tn tha Cnivaraltr of Oambridgg. 

V THEMBTHODSOFBTHIOS. 4thEd. Slo. 14a. A Sapplement to Ois Id Bd., 

contalnlngall tht important Addittona and Altamtlaiu tn tlie Bd Bd. Svo. Sa. 

V ODTLINra^OPTHB%IBI0BTOPBTHICS, fOi BngUthBMdni. Sd Bd., 

TENU.— Worka br Jobh Vnni, F.RS., «*""i"— In Hnal niilaaopby in tlu 

Un lTtralty of London. 

w- THB LOBIO OF OHANOB. Au Kuar on as Fonndationa and ProTlncs of tba 

* ThaoïT ot PrDbabllitf , wltli apaclal Rafartuoa to Iti Logleal Baaringa and iti 

^^pllëatloato Monlaad Soolal Bdano*. U Ed., rawilttan ukd graatlrw- 

largad. Or. Sro. 10*. Sd. "^ ' 
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POLITICAL KCONOMT 41 

TSHU.—WoiiBbïJoHHVlOTi, F.R.8.— emiiimftt 
't BTUBOLIG IX>Gia Or. aro. 10a. td. 
Y TBB FBINCIFLBS OP EUFniICAI< OB IHDncnVS LOOIC. «la. ISL 

FOIiinOAL BOONOM7. 

SOEBK-BAWEBK.— GAFITALANDINTBR&ST. lïmuUted by Wiluui BumT, 

M.A. 8 V0. I to. 
THX POSmVH THXOKT OP CAPITAL. B7 0» mlibo AoUior «nd IWmUtor. 

StD. [fn tt< iVm. 

OURNES.— THB CHASACTBB AND LOOIOAL UBIHOD OF FOLITICAL 

BCONOMf. B; J. E. OuBHBS. Cr. Sto. «t. 
BOME LSADINO PBIHOIPLES OF POLITIOAL KOONOMT HBWLI KX- 

PODKDBD. Bjrtlieiiuw. Svo. Ite. 
DOSSA.— âUIDH 10 THH snjDY OF POLITIOAL BOONOHT. By Dr. L. 

C08HA. Tnlialstod. Wlth ■ Pnte» bj W. S. Jcroia. F.R.fi. Cr. Sïd. M. M. 
■FAWOBTT.— FOIiinCAL BOONOUY FOR BBOINKEBS, WITH QUBSnONa. 

Bj Mn. Hu«T Fawcbtt. 7tli Ed. ISmD. Sl Dd. 
FAWOBR.— A MANU AL Oï FOLITICAL KOONOHT. B.'»<"'''iohfHn'> m™.» 

P>.wcKrT, F.&a TOiBd. r*TiHd. WlthiOhiptar 01 
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HOWKLL.— THB OONFLICIB OF OAPITAL AND LABODR HiaTORICALLT 

ANS ECON'OUIOALLT 00NB1DBBBD. Beliu * Hlstrây ind Revicwofthn 
Tradn Unions o[ Oreit Brltaln, ahowing Uie(rOil|^, Progreai, ConiUtuUo 



•nd Objecte, la thelr vKriedFolltlcil, Social. EconomicB:. imd laduBtiiai 
Aipccta. By Giohoi Howill, M. P. !d Ed., reviaed. Ot. 8T0, Ti. 6d. 
«VONS.-WorkabïW. Stjibuï JiTOHfl, F.RB. 

V 'PRIMER OF POLITICAL BCONOMT. ISmo. 1>. 

THE THBOEY OF POLITICAL BCONOMY. 8d IW.. reïlsed. Bïo. 10b. M. 

V KBÏNES.— THE SCOPS AND KBTHOD OF 



-THB ECONOMICB OP INDU8TRY. By A. HAaaHALL M.A., 

FnteBKir of Folltlcal Gconumy In Ibe UulTcnitf ot Cuubridge, sud ILibt P, 
,/ K main 1,1. Ht (cap. s™. 2i. 6d. 

VKABSHALL.— PBINCIPL&S OF BOONOUKB. Bt ALiein lllIUB>l.^ M.A. 
2td1s. Bto. Vol. L l^»d.liel. 
PALOEAVB. — A DICTIONARY OP POLITIOAI, BOONOHT. By Tlrloiu 
WritMs. Bditad by B. H. Ibolih Pitofuït F.E.a [No. I. Jirauary ISfll. 
PiSTALEONI— MANOAL OP POLITICAL ECONOMY. By Prof. H. Pisi». 
LKiBi. Tranfllated by T. Boston BnucK. [/ii^w^iornHon. 

BDOWIOK.— THB PRINCIPLK8 OF POLITICAL KCONOMT. By Hehkt 
SimniCE. LL.D,, D.O.L., Enl^tbridge ProrusoF oT Konl Fbilosophy In tll» 
DnlTtnlty ot Carabrldga. 2d Ed., revliiid. Sto. lOa. 
VALKBB.—Wnrki by FBAnoia A. Walkih, U.A. 
FIRST LBSaONB IB POLITICAL ECONOHT. Ot. Sto. St. 
A BRIBF TMT-BOOK OF POLITIOAL EOONOMT. Cr. gvo. te. M. 
V POLITICAL BCONOMY. 2d Ed., rsTised BDd enlRrged. Byo. 1Ï8.M. 
THB WAGE8 QUESTION. Sta. 14s. 
InOKSTEED.— ALPHABET OF BGONOUIC SCIENCE. Bj Fatup H. WlOE- 
I.A. F*l^ L Bltmenta ol tlie Tlieory of Viiliu or Worth. QL Sto. 
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41 HDUAN SOISNCKS 

IiAW AND POLITIOa 

Aluns «nd OmniDIOEAlL— THE SWISS COHTRDERATION. BjBIrF. a 

ADUuimd C OsimtiiaKUi, Sro. 14>. 
ÂXaLO-&AX0V UW.SaUTSON.-Gontwite: Anglo4uoa UiwOoDrtB, Lud 

■Dd FlBillj Imw, lod Legs! Procednn. Sto. IBb. 
BALL.— TSB BTtJDBf 

Or. m. tt-M. 
BlffiLOV— HISTORI OF PBOCBDUBE IN ENOLAHD FBOK TES . 

CONQUBST. Tilt Normui Psrlod, 10S6-1SM. By Hiltilu M. macuiw, 

Pli.D.. Bunrd UnlTuiltT. Sra. ISg. 
BSYCE.~THXAllBBICANCOMUO)rWBÂl.TH. By JuiEsBBTfn, U.F., D.O.Ii., 

Rtgliu Fnfauar of ClTil Idw la Ib« (Inlrenily or OiTord. Two Volamea. 

Bi. er. Syo. ilm. P»it I. The Nitlanal GoïBrnmmil. Pirt IL Ths St&ta 

OanrniDïnti. Fut IIL Tba Putr Sfitani. Part IV. Pablic Opinion. 

Put T. Illutntlau ud Befl«tlDiu. Put VL SocitI IiuldtatioiiL 
•BnOKI.Ain>.—OaB NATIONAL INffmuTIONS. AShurtBlutChtbrSchoolK 

By Anu Binni.unk mth Glouaiy. Umo. la. 
OHBBBT.— LBOTD BBS ON THB aROWIH OP ORIKINAL LAW IN AKOISMT 

_ _ _ ~ .. ■ _ id PmfMKMT of CoDïUtntioiiiil 



By the Blghb Hou. Sii 

td. Bi.or.gni. ISi^ed. 

Byiton of PoUld». By Wobdswobtb 

jiïi&Efl, tbel — A Belles of Bhort Booka on his ^ghta and Baapoiul' 
. Bdltodby HmTCiuja, LIlD. Or. Sto. Sa. U. «Mh. 
OHNTRAL OOTIRNMXNT. By H. D. Tunx, D.O.L. 
THE ELECTTORATB AND TBH LBOISLATDRB. By BnnoxB Waltoli. 
THB FOOR LAW. By Bev. T. W. Fohli, M.A. New Ed. W[tti Appendli. 
THE NATIONAL BUDQET ; THB NATIONAL DEBT i TAXES AND BATB;& 

ByA.J. WiuoK, 
THE BTATE IN RELATION TO LABOUR. By W. Suhlsi Jevobb, LL.D. 
TEB BTATB AND THB CHUBGH. By tli« Hon. Aktbtis Bluot, K.F. 
FORBIGN BBI.ATIONB. By BpnosB Wauvls. 

THE BTATB IN ITS RELATION TO TBADB. By Sir T. H. F/juaat, Barb. 
LOCAL OOVBRNMBNT. By H. D. Ohiuiebs, U.A. 

TBBSTATH IN m RELATION TOEDHOATION. By Hehbi Cun, LU D. 
THB LAND LAWS. By Sir F. Follook, But., FroIWaor of Jurlaproden» In 

Uie UnlveraJCy of OxfortL 
OOLONIBSAND DEPENSENCIBS. FsrtLlNDIA. By J. 8. Cottou, M.A. 

FCRDI». ByOolODeiatrBDUiniD 



VriSKE.— CIVIL OOVERNHBNT IN THB UNITED 8TATE8 CONSIDERBD 
WITH SOira BBFERBNGB TO ITS OKIGINB. By Johh Pibkm, fonnarly 
Leotaror oD Phlloaophy at Hamrd Unlvenity. Cr. Sro. Da. dd. 

BOUIEB.— THB OOHHON LAW. By O. W. Houm, Jim. Demy Svo. lia. 

KAITLAHD.— PLEAB OF THE CROWN FOR THB COVNTY OF OLOnOBSTBR 
BBrORB THE ABBOT OF BBADINB AND H18 FKLLOW jnffriOBH 
niNBRANT, IN THB FIITH TXAB OF THB BBIOH OF KINQ HENRY 
THH THIRD, AND THE TRAB OP GKAOB UtL Bf 7. W. JUaLoa. 
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AIITHBOPOLOOr — BDUCATIOS «8 

FATBBarat.— W«ki b; Jum Pinun, Burlrtn-M-Unr. 
OOUMBHTASIXS ON THE UBBBTT OF THX BtTBJBOT, AtTD THB lAWB 
OFKNQLANDBBLATmQ'EOTHESSOnRITYOFTEXFBBSOK. OhMper 

Ime. Twa Vok. Cr. Std. 31>. 
THB UBBBTT OF THH FBBB8. 8FBBCH, XND FUBLIO WOBSHIF. 

Beiug Commentuin od tlie Liberté of tb< SulJKt MUl thg I«w« d( BinUnd. 

Or. 8ïo, in». 
FŒLLIICO&E.— FRIVATELAWAMONOTHE BOMAHS. Fnim tb* FudKti. 

BïJ. G. Fhiluiiom,»J.O. Sid. 1«il 
FOLLOOK.— BSBAI8IN JirRISFRUDEHOBANDETEiœ. Bj BIr Funmo 

Poixoci, But., OorpU" Chrirtl PmfBUCT of Jntlipniileiu» In Uie DnlTBnitj 

ofCfcribrd. Sto, km. m. 
IHTBODCOIION TO THE HISTOBT OF IHS 80IBN0B OF FOUTIOa. 

B7 ths BiDCL Ct.Sn. Il Sd. 
■KMBT.— THBIBIS&LASDI,AWS. Br ALIK.aBiaBIT,<].0.,I>gpatTB«lai 

FrofonoioEFtndilBngllihLawUitlMtlnlTanltrofDnbUD- Ot.ho. tLti. 
nneWtOK.— THB BLBUENTS of FOUnoa Bt Hcibt Smincl, LI..D. 

ero. [/n uli Pn». 

nEraBN.— Worki br BIr J. FiTuiim SiwnaM, Q.a, Z.a.8.L, m Jod^ at tin 

Hlgti Court of JniC!», QUMii'i Banoh Dlrlilon. 
A DIOXBT OF THK LA* OF EVIDXHGB. Sth Xd., nrlHd and anlugad. 

ADroESTOFTHEORIKINAI, LAW:OBniBBANI>FnKiaHlUtriS. 4th 

A DIÔbST OF THH LAW OF CRIHIKAL FROCBDUIIB IN INDIOTABLE 
BïSirJ. F. BnpHBi, K,0.8.L, md H, &ntPHi»,LL.M., <*th8 
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AUTHROPOLOQY. 

DAWKIHS.— EABLT MAN IN BMTAIN AND HIB PLACE IN THB TBB- 
TIABT FBBIOD. Br ProC W. BoTD Diviun. Hadlom Std. ISl 

FftAZEB.— THB OOLDEH BODOH, A Stnd; lu OomninitlTS BsUgioIl. Bf J. 
Q. Fhizu, U.A., FsUdw otTïlDltj Collège, Cuobridgd. 1 Toti. Sto. tBa. 

N'LENNAD.— TBB FATBIARCHAL THBOBT. Busd oa ths MpWf oT tlia lltc 
JoHB F. K'LnNUf. Edltod br Dobud U'I^khai, ILA., BuTlitar«t-I«w. 



TTLOB.— ANTHUOFOLOOT. An Introduction to tbe Badr ot Ifu ud CItIUu- 

tion. Br B. B. TiuiR, F.KB. lUoitnttd. Or. sio. Ti. U. 
WESTEBIURCK.— THE HIBTORT OF HnKAH HASBIAOE. BrI>i.EDWAUi 

EDUCATION. 



r GEBKANI. Bj tiia nma. 

BILL.— THB BTITS&Nra OCIDE TO THB BAH. B; Wum W. B. Bul. 
U.A., Ftllow ud AHiBtut Tnlra ol Tilnttj OoUi««, OtnbildB» Ub Bd., 
revliad. Cr. Sto. Il td. 
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TEOHNIOAL EKOWLEDQE 

Q] Muu^mfint. A Handbook 

„___. ,__iudien. BfJ. R. " 

Or. tvo. St. M. (BBOODunaoïlad oj tht Loadoo, Blrmlnelmn, u 
Bahaol Bouda.) 
O&UtEBWOOD.— ON TEAOHINO. Bj PidT. HnniT CiLDiBvoaii. New Kd. 

Bi. fap. Sto. tt. Sd. 
FBABOK— SGBOOL INSPEcmOH. Br D. R Fuboh. «th Ed. Cr. Si 

FITOB.— BOTBS ON AMBRIOAN BCHOOLB AI — 

B«Mlat«d tram tb4 Repï>Tt of tba Engluh Bdnc 

"" A QL s™ b Bd. 

[B TBACHINH OP OHOQRAPHY. A PimUckI 1 

_, , , jc-OaiiMal of ths 

Owloglal Snire; of the United Klngdom. Or. Sro. ta. 
aUDBTOHB.-SFSU.INa REFOBH FBOU A NATIONAL POINT OP VIBIW. 

Br J. H. Ousaroac. O. Bvo. In. U. 
BEftVO..— OVKRPBBBBUBB IN HIGH BOHOOU IN DENHARE. Br Dr. 

HoRi. Tnnilited bj G. O. B&aaaa. With latrodactlOD bï Sir J. 

Omcbtow-Bbowb», F.R.8. Or. 810. S*. Bd, 
TOOEDNTSIt.— TBB OONFUCT OF 8TUDIES. By Ibaao ToDHDmxB, F.R9. 



TECHNIOAL KHOWLBDGE. 

(3ee aiso MECHAKIGS, LAW, and HEDICIXE.) 

OlTll «nd Hedhanlo*] Bnslseailng ; Hllltuy and Naval Scdence; 

AgrionltDTB ; DomsiUo Effimomy ; Book-KMplng. 

CIVIL AND MEOHAJIIOAL ENG-INEERrNa. 

ALBXAKDBB and THOUSON.— BLKUBNTART APFLIED KECHANIC8. Bt 
T. ALBinsK, Vroleaior ot Clyfl Englaeeriog, Tilnltr CoUege, DubUn. bdS 



t Collège of Solenu, Poodh, ludi». Put I 
N OP FOROEa m BNQINBBR- 



IKO SIRUCTURSâ. Bj J. R Chauhka, C.B. ninst» 

COTTBKILL.— AFPLIBD MBCHAHlca ; AnBItuUDtuyOeDenllutrodQctioDto 

the Tbeoryor âtrnctune aad UacbJDH. By J. H. Cottihill, F.B.B., Fro- 

feuor of Applied Menhuio» In the Bojd N»»! CsU^e, Qnmwicb. Sd Ed. 

OOTTBRILL and 8LADB.— LBaSOHB IK APPLIBD MEOHAHIOS. B; PnL 

J. H. COTTREIU. ïnd J. H. BLiDt Poâp. 8T0. (JaUHarjF 1B»I. 

KBHNSDT.— THB USCQANlOa OF UACHINXRT. By A. B. W. Extraui, 
P.RS. miutmttid. Cr. 8ïo. IS». «d. 

Uh of MecbtiajQLl Boglnean, 

lliutnted. t 

.._..«.— K..». .^ ...i^u....... _JTtIOIlH OF 

ON GIRDERB, ABOHBfL ANS Tl 
" <- ^uipMuloii Brid — 

MILITABT AND NAVAL SOIBNOB. 



, ^ BupMUloii Btlâgeg. Bf B. W, loDim, O.B. Wltli Dùitfnnio. 

Bto. 7*. Sd. 
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HILITABT SOimrOE-~AOBIOU]:.TURE 



Aloabim, Enclld. Ocamitrlcil DnwinB, QHgnphf , FnDOli, Bn|Uib Dtetation. 
Or, s™. ItCd. 
MAÏTHEWS.— KANOAL OF LOOARITHIIS. Bj O. F. UlTTBIwi, B.A. «n. 

HEBODR.— BIiBHBNTS OP THB ABT OP WAB. Fnpmd (H tbe osa (tf 
CiidBt>DftbeUnlMdStiit«iiUlllUrrAcidem;. B^Juiis Hihcdr, PnfiiHot 
of OlTll Engineering tt tti« Uoited ËUUi Aadcmj, W«t Potnt, K«w York, 
îd Brt., roïlaed inil coTTKted. Sro. ITa. 

PiLMEB.— TEST-BOOK OF PBACTIOAL LOGARITHMS AND TRIOONO- 
HEIRY. B7 J. H. PiuEB, Hud ScbDolmuter, R.N,, H.M.a (JMi»rfd|K, 
DsTonport. 01. 8I0. 4f. M. 

BOBINBOK.— TRBATISB ON MABIITS BURVETIHO. Pmmi tôt tht Bte ol 
jDiinB«r Nsnl OfflMn. Witb QntBtlau for Kiiuniutloni ind BnnliH 
prin^iwllr from tli* Pspm of ths Rofml Nitnl OoIIsgs. Witb tha nmlt*. 
Br Bar. JoBa L. BoBimo», Obaplilo ud Initmctor in tha RotiI Ninl 
Colley Qnenwlch. itliutntad. Cr. Sto. 7i. U. 

BUn>RUBST lUTHEIfÂnOAL PAPEBS, toi AdmluIaD tnto tHa Rojml MllltuT 
CoUese, 18«l-iaM. Bdllsd b^ I. J. Bboouhitq, B.A, Initracbir lu Hstbs- 
DutiBa at Iba Hoyil MUltur AudiDU, Woolwich. Cr. Svo. Sa. M. 

■gOSniAnt.— NAUTIOALSCItVBTINa. BrtbaUtaVlca-AdmlnlBBoiiTLun), 



», LL.D., F.aa I> t TOliL lUoitntad. Ce. Svo. VoL III. Fi>p«n 

on NkTigitloD. Un Ou Pnu. 

WnXIHBOlI.— THE BBAIH OF AM Aimr. A Fopulu Account of tbe OBnnu 



jjfÔckbt- 

mCATIOAL PAPBSa. tor Admlu , _, 

If B. J. BaoauuttTH, B.A, 



PIBLD FOCKBT-BOOK FOR THE AUXILIABY F0K0B8. IBnio. la. M. 
V0OI.WI0H lUTHElEATIOAI. PAFEB8, for Admiulon Inlo tbs Royil ULlitu? 



AGRIOULTUER 

FKAKEUMS.— AaRICULTTRAL CHEIIIOAI' ANALYSIB, A Hsodboak at 
Bï Febot F. FUMKUini, F.B.S., PioCuBor ol ObemlitiT, UclvBnlt; CoU<ea, 
DundH. Foundad apoo Leitfitden fitr dU AfrUjitUun CiimUAê AmOgH, Ton 
Dr. F. KluxrKm. Or. Bm. Ta. M. 

HARTia.— TBXT-BOOK OF THE BIBBASES OF TRBEB, B7 Dr. RouKt 
" , TnnaUted by W». Sonitvii,u, B-fic, D.Œ.,Lectarar on ForaatTT 



of BdlaboiGli. Editid, witb lolToductlon^ t^ Prof. 
LABLETT. 



-TIMBBB AND TIMBER TUEES, NATIVE AND FOrI^^Bj 
iBUBd Liu.Err. Or. Sro. 8). dd. 
raOTH.— DIBEABSa OF FIELD AND flABDKN OKOPS, OHIEFLY SUOH AS 
ARE 0AU8ED BT FUNQI. B/ WOKtHiBinvHQ. Shith, F.L.B. IIIiu(nt«d. 

lAMNEB.— •ELBMBNTABTLBSSOBBINTHEaOIENOEOF'AORICIJLTnBAL 
PRAOTICE. By Hbjby T«hbi!b P.O.8., H.K.A.O., B«^ln« Id tbe Prin- 
oiplM ot Agricoltara undu tbe OoTanuneDll Dapartmant of Soiancc rcip. 

FIRST PRIBOrPI.Ka OF AGKIOUIvTURB. BïtbasMpa. ISmo, 1b. 
THE PRINC1PLB8 OP AORlcnLTDRB. By tha uma. A Serlea or Itudlng 
Booki tor OK in Blamantsi? Scbools. Ei. fCip, Bvo. 
I. TbB Alphabet oftbo PrlncipLtt ofAgrlcultUT*, Ad. 
II. FnrUiar BMpa In tha PrlaofpUi ot Agrïcnltnn. li. 
IIL Blamautar; Sobwl Raadlmn on tba Frinolplai of Agricnltun for tha 
thliditaca. la. 
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«e TEOHNIOAL EIÏOWLEDQE 

WABD— TTHBIR ANS BOUS OT ITB DIBKABI8. Br H. 

M.A., F.LA, F.&8., FtUow of OiHtVa OoUwe, (imbi._„_. _. 

BaturmtthsRojil ImUuiBiicliHtiliigOoll^e.Oinpu'aHIU. Witli ninabs- 
Uoii*. Or. Ira. t*. 

DOMB8TIO BOOirOMT. 

•BABEBB.— FIBST I^ESaONa IN THI FIUHCIPLBS OF COOKmO. Bf Lâdt 

»■"" Umo. II. 
•BBRnS&-P[RST LB8S0NS ON HEALTH. BjJ-Branu ISm». U. 
•OOOKBBT BOOK^THK HIDDLE OLASS OOOEBBI BOOE. Bdltsd D; Qia 

IlMtâMitw Ssfadot of Domtitie Odokerr. Fup. Sio. Is. M. 
ORATBH.— A OUIDB TO DraTBICT NUBS^. By lin. DidU Cutkh (.nit 

FLOBBRn SuuB Lia). Bon. Anodute of Uw Onn of Bt JcAui oT Jenualan, 



BSDEKIOK.— HINTO TO H0USBWITB8 ON 8BTIBAI. POINTS. PAB- 
TIOULARLT ON THB f KEFABATION OP BOOtlOlUOAL AND lA^TBFDL 
DI8HB8. Br M». Fbbwwoe. Or. Sto. Is. 

Uiin>miaiB.-ODTnNI^OUT ANS DRESSKAKINS. FromtbeFnaoliof 
HdllB. R. aHun/num. Wllh Diignuiu. I^ 



ft&TBBOIIB.— THB HISTORY ANS PROORaBS OF DISTRICT NUBSINa 
FROM m OOHUENOEMBNT IN THE TEAB ISA» TO THB PRBSBNT 

" - the (Jneen TietorU Jnbilee 



Appendliot 
Bj W. B. 1 
LondOD. It 

'WBIOHT.— THB BOHOOL OOOEBRT-BOOK. OompUed uid BdiM by O. B. 
Qdihbib Hushi, Hou. Bh. to U» Bdlnbuiili School of dwkuj. ISmix 1» 



GEOGRAPHT. 

(9m «Iso PHY8ICA1 OEOGRAPHT.) 

BABTHOLOtlEW.— TEH BI.BUBNTABX BCHOOI< ATLAS. Bj JOBH Bu- 
noLoiuv, F.RO.B. Ito. li. 
KACUILLAN'a BOHOOL ATLAB, FETBIOAL ANS FOLITIOAL. CoiuiRtliit 
of SO KipB uid complète lnd«i. By ttae urne. Pnpuvd for ths dhÏÏ 
Senior Pupilt Boyml *to, ïa. «d. Hilf-moroeco. 10k. M. 
THB LIBRART RBPBRBHOE ATLAS OF THB WORLD. By th« ause, 
AOompkteSeilH of M Hodsin Uapi. Wltli Oeogriphlcal Indai b> IIM.OCIO 
pUcH. Half-moincui. Olltsdges. Folio. C2:12:aaet 
■OLABKB.— GLAB»-B0OK OF GBOeKAFEr. Bya B. Ouux, F,B.S. Nov 
Bd.. rtTlwdUSD, witta ISHipi. Fop. Sto. Fiipar ooren. Si. Oloth, to. M. 
BEIKIB.— Worki brAsoBiULD Omn, F.B.B.,Dli*c(oc.O«n«nlottlHO«>lDgla] 
Sorraj ot ttu nnlled Klngdom. 
THB TBACHINO OF OBOORAFHT. A PnCtUsl Hudbook ft> tlU DM <rf 
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OEOOKAFHT — EISTO&T 47 

■eKBEN.-A SHOBT aROOBAPBT OF THB BKITiaH IBUKDS. to JoBa 
KicBUD OnxEi ud A. a OuD. Wlth Map*. Fctp. in. ta. M. 

■OBOVE.— A PBIHBB or OEOGBAFBI. Bf Sir QuHi Own, B.aL. 
ElnMtnited. ISmo. li. 

KIEFEST.— A HANUAL OP ANCIBNT OBOOKAPHT. B7 Dr. H. EnruT. 

KAOlOUiAirS âEO&BAFHIOAL BEBIBa Bdltod br AbobiulI) Qdih, 

F.RS., Dinctôr-Oencnl of the Q«aloglal Bnrraj of tbe tlnitsd Klngâoin. 
•THE TBACHING OF OEOORAPHT. A Fnwticia Hudbiwk for Uu ITu ot 

Teaohera. Bj Abohisau) Grai», F.R.a C3r. 8to. Sl 
•UAFS ANS UAP-DHAWIKa. Bf W. A. ELDnnnr. ISmo. Il 
•OBOSBAPHY OF TBE BBITISH laLES. By A Onitc, F.B.B. ISmo. 11. 
•AN BI.E1IENTABT CLASB-BOOE OF OKIOEBAL OEOGRAFHT. B; H. B. 
Hndif D.Sc., Lectonr on Fhjaiognphr uid 00 Oammndal Ooognphj in 
tlia Hdriot-Wstt OoUegt, Bdlnbor^ lUnatntad. Cr, «m. U. M. 
•OBOOBAFHT OF KÎIROPB. ByJ. Sis>,lLA lUutnlad. OL »to. K. 
•BLEHENTABT QEOQBAFEy OF INDU, BUBHA, AKD CETLOH. Bf B. 

F. Bi-iimJBD, F.O.a. GL 8T0. ïi éd. 
GBOOHAPHTOFNORTHAHEBIOA. BTPraI.N. B.Bhuu. [7it]invianiH(n. 
GBOGBAFHT OF THB BBITISH 0OLOMB8. Bf O. M. Dimoii ud A. 
BuTHsauin). (In jxipmiHfli. 

*.* Otbsi TolaniH «01 be unomiccd In due ce 
flXAOHET.—LEOIUBES ON GBOGBAPHr. Bj Oi 
K.X. Cr. Bto. 4m. U. 
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D, H.A Wlth é' 

UHOLD.— THE BOMAH SYSTEM OF PBOTIHCI'AL ADUINISTRATIOH TO 
THB ACCESSION OF CONBTAKtlKB THS GREAT. Bj W. T. AsaohD, 

'BEESLT.-STOEIBS ÏBOM THB HISIOKT OF ROME. By Mi». Bkblt. 

Fcip. Svo. 2>. M. 
BBTOE.— Worlu ^ ^^f^ ^Td, U.F., D.aii., Rïglui Proteuor ot Olril lair 

Or. Bto. Ti. fld. 

XtWiBV BdUbm. Demj Sto, 14*. 

THB AMERICAN COMHONWBA1.TH. S loli. Bi. a. Std. lia. Firt 1. 

Tbs Kktloul GoraniiiHnt. Fut IL Th* SUto QOTemmenta. Fut III. 

Tl» PuiJ SntAm. Fut IV. FabUc OpiuJou. Put T. llluitntloiK ud 

Reflectloni. 1^ TL Boclll ImMtatloDL 

'BOOELET.— A HISTORT OP BNGLAND FOR BEGINNERa Bj A""tj.- 

B. BooEixi With Hipa ud Tsbli*. OL Sto. ta. 
BUBY.— A HISTORT OF THE I^TBB ROUAN BHP1BE FROH AROADIUS 
TO IBENB, A.i>. SM.»». B; JobhB. Bubt, U.A., Fellow of TrinlCy Collège, 
Itablin. a toIb. Sro. SSh. 

I HiaTOBTANDUTBBATCBE. BrDi. D. 

, !b. td. eiwlL 
FBUlua, D.O.L., LL.D. 
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48 HISTORT 

OAMDini. Wouir. By Piuttua M. OtmaaiiM. 

OuTim Ctoinrxu. By Fbideuo Hibhibob. 
«iLLua III. B; H. D. Tbaiu. 
WilFOI* By JoH» Udblit. 
OuTHui. By JoHH U osLir. 

PlTT. By JOHM MoRtlT. 

Pm, By J. R. Tbdbwiild. [7n Or Pmt 

PTSKE.— Voïka by Jobs Fbxm, Cnninly Leotonr do TbllMOpby tt Hurud 

tliiiyeraity. 
THB CRITICAL FXBIOD IN AlIERIOAN mSTOBT, lTSa-lTS8. Ex. cr. 

Svo. 10L«d. 
THR BBQIMHINaa OP tnW mniLANIl ; or, Ths Puritan nieocracT In iU 

ReUtlonitoaTUtodHeli^oogLibeitr. Oi. W Ti. «fl. 
FBEBHAK.— Worlu by Edwakd A. Fbhiuh, D.O.L., Rn^iu ProlUior of Hadarn 

Hlstory In tha Dnlrmlty of Oitoid, «te 
'OLD EK0LI8H HI8T0BT. Vlth Mkpi. Ex. fcap. Sro. te 
A SOHOOL HISTOOr OP ROICB. Ct. Svo. 
USTHODS OF HI8TOR1CAL BTDDY. Bvo. lOi. M. 
THB CHIKF PKRIODa OF KUBOPBAN HISTORY. BU Leotnn» WiHi lu 

Bmy on Onak Cltiea nsda Bomu Baie. Bro. 10a. M. 
BiarORICAL BSSAT& Fint Ssilei. lUi Bd. Std. IOl U. 
HISTOBICAI. ESBAYS. Sawnd Berlei. Sd Bd., wltb addltioiul Encra. Sm 

lOced. 
HI8TORI0AL BSBAIB. IMM 8«rtaL Bro. I2i. 
TES OROWTH OF THE ENOLISH OONïnTDTION FBOH THB EARLISST 

TIMSa. «tbSd. Or. 8*0. M. 
■OBNSRAL BKETGE OF BDBOPSAN HiaTORT. fiOujad, wlth Uapa, etc. 



TTITE.— A aCHOOL HISTOBY OF QBBBGB, By a A. Frr™, M.A., bkla 

FoUon of UnlvBTïlty CoUfgo, Orford. Cp. 8to. lin pnpanUtim. 

OBBEN.— Worki by Joaa RioHiAD OanH, LL.!)., Uta HoDonuy Pallow of 

Jeans CoUeg», OifOrd. 
■A SHORT HI8T0BY OP THE ENOLI8B FBOPLB. New ud RsriKd Bd. 
Wltb HijA, Qenuilof^ekl TiMh, ud OhnmDloglal Aiuuli. Or. Km. Ss. «d. 
Ulat Tboonnd. 
*A1k (be ume in Ponr FuIh. Witb ths camgpondinE portion oF Mr. TUta 
"Aulyata." Crown Bvo. Ss. escb. Fut I. eOT-lMfi. Fsrt II. 1I04-1WS. 
Purt ni. 1M0-16S0. Part lY. 1M0-18TÏ. 
HISTORY OF THS ENQLISH PEOPLB. In font YOla. ira. ISa. esah. 
YoL 1.— Early England, 449-1071; Forelgn Klnga, 1011-1314; Tba Ohsrtar, 

1214-1291 ; Iba Psrilimant, 130T-I4dl. WlthSlbpa. 
ToL II.— Tha Monareby, 1481-1640 ; Tba Beforoistlon, IMO-IMB. 
VoL III.— FnritinKnElud,l«OS-iaM; The RaiDlntion, IMO-tœS. Wlth tbni' 

Uapa. 
Vol. lY.— Tba RaTolnUon, len^irgO; Kodarn BngUud, 11W-1B1D. Wltb 
Hapi and Indei. 
THB HAEDia OF BNOLANC. Witb Mips. Svo, ISs. 
THB OONQUESI OF BNOI,Aini. Witb Mapi aod PortnlL Svo. Ita. 
•AHALTSIS OF BNOLISH HI8T0BT, baied on Orean'a *' Short Hlatory of âia 
Bnllish Fwple." By C. W. A. Tut, M.A., AaiIsUnt Hulcrat Cliltoa Collgs»- 
It«Ttaedand Enliiged Ekl. Orotm Svo. 4i. td. 
■RBADIHOB FBOU BNOLISH HISTORY. Belacted and Bdlttd by Jon 
RioBuiD Obieii. Thns Parts. QL Sto. la. éd. eacb. I. Hengist to Cresay, 
IL Cnaay to OromwelL III. OromweU to BtdaUatt. 
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HI8T0BY ti 

HJSar.— LBOTURXB ON THfl HIBTORT OF BNOLANII. Bj M. J. Oorni. 

VltblUpL Cr. 8m S*. 
■HISTOBIOAL OODBaB Tt» SOBOOU.-IdIlad bi I. A. 7Bmu>, CUL., 

B^u Profeisor of Modsm HJBbn? In Oa DulTtnity a( Oxford. Igmo. 
OBNERAL SKETCH OF B0BOPBAN HIBTORI. Bf B. A. Fuemad, 

D.O.L. HawBd., nTljHlmDdeulu^ Vith Chiooolagic*! Tabl», lUp*. ud 

XndBT. Sa. Od. 
SI8TORY OF BHaLUID. Br Editb Tbohfsdb. New Bd., nriMd ud 

enUrged. WIth Colonied MapL ïl U. 
HI8TOBT OF BCOTLASD. Br HiBaum Hi/iuiTinn. >L 
HIflTORT OF ITALT. Bj R«t, W. HnuT, M.A. Nôw Ed. Willi OalOBnd 

IIipi. lL«d. 
HISTOBT OF OERIUNT. Bf J. Sun, ILA. Nsv BiL, ntiHd. «l 
HI8TORT OF AHEBICA. Bf JOBH A. DoTLI. Wlth Hmpi. 4t. W. 
HISrORT OF EDBOFEAK COLONIES. Bj K. J. Pithi, U.A. Wlth Uap*. 

4&«d. 
HISTORT OF FRANCE. By CniBunn H. TOHOt Wltb Klpa. Bb. td. 
HI9T0RT OF QRBBCB. By BdwibdA. FamuH, D.C.U [In prqoratfeii. 
HISTORT OP ROME. Bjr BnwiEDA. PKïBKiii, D.CL. [/« pnjiBniHm, 

•OIBTORTFBIMEBS.— Edit«d1)jjDHi<RiauBI>aBUN,LL.l). ISmo. U-MCh. 
BOHE. By Re>. U. CBCiaaToH, ILA., Dlide 'PtoHtma of EcclotsiOal 

HlBtnry In tha Dnlveralty of CambrldgiL Map*. 
QBBECE. By C. A. Frm, ILA., Uta Fdlow at Unlrailty Oalltg», Oxford. 

SUROFB. By B. A. FnmiiH, D.C.L. UapL 
FRANCK. By CHULom U. Tohoi. 

INDUN HTSTOBT : ASIATIC AND BUROFEAN. By J. TuwTS WmmjtiL 
GKKKK ANTIQUITIKB, By Ect. J. P. Kahutt, D.D. Ilhutrsted. 
CIiASSICAI. OBOORAFBI. By B. F. Toiin, M.A. 
QEOOBAPHT. By Sir Q, Oboti, D.C.L. Uitpg. 
ROMAN ANTItjCITISS. By Fnr. Vilkihb, UttD. DlTutntad. 
HOIA— A aBNKAIOOIOAL STEUHA OF THE KINQS OF ENQLAND AND 

PRANCB. By Rit. a Bdll On BheetL 11 
lEmmoe.— CHBONOLOOICAL TABLES. A gynchronlBtJc uruigenHab ol 

thB BTOnU of AnnlmS HJiWrj (wlth »n Indei). By R«t. AniHon a 

LABBBRTON.— NBW HlffFORlCAL ATLAS AND OBNBBAI. HISTOBT. By 

LBTHBBIDaB.— A SHORT KANtJAL OF THE HIBIORY OF INDU. With 
ïii Account of Dmii u rr is. Th« BoiL Cltiiiil«, ud FrodnctlonB ; Uit 
Peopls, thelr Ru«, BbUkIoob Publia Worki, ûd ludiuMta; tJi« CWU 
SerTlceft, uid Syiit«ni of AdiaiiUBtntlon. By BIr Rofkb LcraBBIDOL FeUow 
ofttBCmeutUBlilvMiltï. WittiMap». Cr. Bvo. ta. 
I UEAPFT.— OREEK LIFB AND THOUOBT FROH THE AQB OF ALES. 
ANDBR TO THE ROUAN CONQUEST. By B«t. J. P. IUbatit, D.D., 
I Fallow of TWnlty CoUoge, Dublin. Cr. Bïo. lïi Sd. 

THE OBBEK WORLD UNBER ROMAN BWAY. From FluUreh to Polyblua. 
' By the «une AuUior. Cr. Svo. IDi, M. 

I UBRIOTT.— THE MAEBRS OP HODBRN ITALY: Uizinn, OivoOB, Guu- 
■uni. Thi«« Lectnrei. By J. A. R. UumiOTT, U.A., LMturer In Modara 
I Hlstory and PoHUchI BooDomy, OifonL Cr. Svo. la. M. 
kIOHBLBT.— A BnMMARY OF M ODBRN HI3T0KY. Trsnalated by U. O. IC. 



HOEOATE— ENQLAND UNDBB THB AHGKïiN KlHOa By Kat» Noboaul 

Vith Uapi and Pluia. 3 Tola. Sro. fit. 
VTTS.-..BOANDIKAVIAN HISTORY. By E. G. Ont. Wlth Uapi. GI. Sro. ta. 
IBELET.— Wnka by J. B. Siilit, H.A., Reiina Ptoltnot of Uodcra Hlatoiy In 

Uia DnlTOnlty of Ounbildga. 



HihyGoogle 



60 HI3T0KY — ABT 

TES EXPANSION OF BNOIAHD. Onnrn BiD. U. «i. 
O OR COLONIAL BXPANSIOS. Bib«tefromtlie»borB. Or.) 
TAIT.— ANAl.rai3 OP BNOLlSn HISTORT, bued on I 
HlBtoi7 of ths EwUali Peuple." Br C, W. A. Tut, M.A., A 
U Ollflon. EetissJ ind Bnlirged Bd. Or. Bïo. U. M. 



A SBORT HISTOBT 07 INDIA AND OF THE FROHTIXB STATEB C 
ArOHAHISTAN, NXPAUL, AfiD BDRKA. mUllKpc. Or. 8ro. 13s. 



T(»iaB.-Worlu 
OAHIIOS FRC— 
FROH BOLLO 



OAHIIOS FROK BNOLISH HISTORY. Ki. fcap. St< 
WABS I 



N Pft4S-lfflS). 
mtsd In 1 Bcriei ot Historiul Seleotloiis IRnn tl» 

_. ..nd uiiaged by ï. M. Sïhill maiO. M, ToHOl. 

Ci. Sto. Ftnt Bttk», IDOS-llM. «s. BecoDJ Séries, IWS-ltSS. «g. 
THE VIOTORIAH EALP CENTUBT— A JUBILXX DOOE. Vltli n New 
Portnit ot ths ijiieen. Or. Kro. Fipei coicn, la. CtoUi, le. «d. 



Biainplei of Bamliutlon Fspe». Bf IiiDKIHCI AmnBSOH. ClUBtiateiL 
OOLLIBIl.— A FBIUSR OP ABT. Bj tlie Hou. Joaii Coluxk. tUnstnlad. 

OOOS.— TBB NATIONAL GALURT : 

Xdwibc t. Cook, with i prs&cs b; 

froin hig WriBngs. M Si. Cr. 8to. D^.mu™<xu, i».. 
■.• Alao ui Brtltlos on lu^ paper, llmited Eo 250 coplM. 2 TolB. Bro. 
DBLAUOTTB.—A BBOISNEH'3 Da&WIN» BOOK. B; P. H. DEUiiom, 

F.8.A ProgreaBlvely «nMigsd. New ïd., ImprovEd. Cr. Byo. Sa. 6d. 
EUéIS.— SEETCHraO FBOM NATURE. A Hmndbaok tor Btndauts uul 

Anuteun. By TsieruH J. Bujs. DlTUtnled br H. Stiot Uibis, B.A, 

ud ths AattaoT. MevHd., nvised uid eiluged. Cr. 8ia. Se. 6d. 
OBOVE.— A DIOTIOKARÏ OF 1IU3I0 ASD UUSICIANS. x.1: 1460-1888. 

Bdlted br Sir OiOBas Ordve, D.C.L. In four toIs. 8ïo. Flics 91i. etcb. 

iltoSa FuCs. 

Pirts L-XIV., P»rt8 X1Ï.-XXII., ta. M. eBcl. Pirta XV., XVL, 7». 

Ferti XVII., XVni., 7>. Tarts XKIII.-XXT. (Appendii), 9a. 
A CDMPLinT INBXX TO THE ABOYE. Bt Hn. B. WoDiooDBB. «m. 

Ti-tà. 
BUNT.— TAliKS ASOUT ABT. Bt William noHr. With ■ Letter Itom Bb 1 

X. U1LU.1S, But, R.A. Cr. 8to. 8s. éd. 
HELDOI^—THB CHBUISTRT OP PHOTOGRAPHT. By BlPEilL Ueldoli, 

P.R.B., PivresKir oT Chemlstrr tai tha TeclmiCftl Collège, Finshury, Cr. 8v& 

lATLOB.— A PRIMER OF FIANOFOBTE-FLAYINO. Bj Psuuuh Tatuw. 
Edited b; Sir Obubui Gbovk. ISedo, le. 

L 8TSTEU OF SIGHT.8IN0ING PROU TES B8TABLISHBD 

-. ,donUie Principle of Tonlç Relation, »nd nim- 

'orka ot the Grsit Muten. By SiDLBi Tino». 
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a CLUB. Letli» ind BÉndltc on Landgeapg 
Ttbweitt. Wttb un aiithoriKd Reproduction 
uid VoodcDta In Prof. Hiukln'a "Blemsata ol Dnnliig." Itb 



DIYINITY. 

&BBOR.— BIBLE LESBOHS. ByBev. RdwihA. ABKm, D.D. Or. Sro. <g. Sd. 
ASBOTT—BnBBBKOOKB— THE COMHON TRADITION OF THE STNOPTIO 
OOaFELfi. In ths T«it ot tbe BeilHd TimlaD. By Bar. Bnimi A. Abbott, 
D.D., ladT. a. RceHBBDOD, M.L. Cr. 8td. ta. 6d. 
ABHOLD.— WoTki bf Hatthio Akkoui, 
A BIBIA-READING FOB BCHOOLS,— THS OBEAT FBOPHECZ OF 
ISRABL'S BBSTORATION (lulkh, Cbïptsn il.-lird.) Atnnged uid 
Bdited fbr Toong Lsuoere. ISmo. la. 
IHin*n XL.-LXVI. WlUi tlie Shortec PropIisciM kllled (a It. Aminged tmd 

Bdited, wlth NotM. Cr. Sro. 6a. 
ISAIAH OF JBRUaALBU, IN THE AUTHOBISED ENOLISH VERSION. 
WiCli Introduction, OorrectlDiiB and NotAS. Cr. gfo. la. «d. 

a.— A COMFAMION TO THE LECTIONARÏ. Belng ■ Commsnlair on 

ic Praper LMaoïia fOr Bnidaya and Holf Daya. Bj Bat. W. Benhih, B.D. 

GA8SEL.— HANUALOFJSWISBHIBTORTAHIlLITBBATtlRE: pnesdcdV 
B BRIEFSDHHARTOF BIBLE HIBTORT. By Dr. D. Oussi. TruitlaCed 
br Mrs. H. Lnou. Fcap. gto. Sla. Sd. 

(ŒUROH.— STORIKB FBOH THE BIBUL By B«T. A. J. Ohuboh, H.A. IIIib- 



-THB STUDT 1 
Jahes DsmninHii, LI^D., ProleaBor ol Tneoio 

F ARBA ft — Wfirlu by the Vénérable ArchdeaeoD F. W. Fabsib, D.D., F.R.a., 
ArclidoscDn and Canon of Veatmlnstcr. 
THE HISTORÏ OF INTERPRETATION. Bslng Oie Bampton Lectorag, 1881. 

THE MESaAOES OF THE BOOKB, Balng DlaconTaea and Notes on tlie Booki 

lY OF BIBLE 8T0BIES. By Un. 

■e bj Reï. G. F. Miclub, D,D. 

_ rrHiBTOBT. PartlI.— NKwTBTi- 

PartlIL— Tei Apostlm; 8t. Jâmm th» GeEtT, St. Phjl, *MDflT. 

TBE DlVUTK. 

TBSASURT P8ALTBB.-StDdBIlt>' a 

Paalms duonoiogfcaJly arranged, liy FontFr 

JT— Bdited, wiOi IntaJdm....- 

r. F, J.A-HOBT. Two Vola, — . .,„ 

I, TheTeirt. Vol. IL Introdnetlon and Appendii. 
BCHOOL EDITION OP TBZT. lîmo. G]oU^ U. dd. ; roui, i^ edgea, fis. M. 

ISmo. Horocco, gilt edgea. Sa. 6d. 
■QBKBK TESTAMENT, SCHOOL UBADINGB IN THE. Beliw the ontHno of 
the Ufe of sur Lord, as given by St. Harti, wltb additions from the Teit of the 
otdor Brangellela. Airsngod and Bdited, with Notes ud Vocabnlary, by 
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G2 DIVINITT 

THB OOSPBL AOOOBDINO TO ST. IIATTHXW. Balw Ok 



la uid Ngtaa hj Bit. 



[In préparation. 
•THB G03PKL ACCOBDINQ TO BI. LUKB, B^ the Qreelt Tan " " 

JOHii BOHD, H.A. Fc*p. Sic Sl «d. 
THB A(7I«0VTHBAP0aTLKB. Being tbe Greek Ttnt u nrlnd by BIshop 
Vbtoott ud Di. HoBT. ffith Bipluutory Not«i bjr T. X. Fisc, ILA., 
Aiditut Mutar at tl» Ohuterhonia. Pap. Sro. Sa. Sd. 
aWATKIM.— CBVRCH HISTOKT lO THE BBOINKING OV THE HIDDLB 
A OBR Bf H. If. OwiTEiH, M.A. Sro. ( Jn jwïjmrottom. 

HABOWIOE.— Worki by Ambdocon Hudwiok. 
A BISTOBT OF TH> 0HRI8TLAN CHDBOH. Hiddle A^a. Fmm ân^orr 
th« Grwl to tb* Biefiraniiuilrstioii ot I.ntta«r. Bdltad bf W. Stdbbi, D.D., 
Blibop ot OifonL Wltb 4 Ifapa. Cr. Svo. ICH. Sd. 
A HISTORY OF THB CHBIBTfAH CHURCH DDBINQ THH BEFOBMA- 
TION. Mh sa. Bdlted by BWiOp aitiBBB. Cr. 8»D. 10». Sd 

W TESTAMENT. Oonsldaraa 
m AppËDdlx on i"-- '^■■■--' '--"■- '^' 

Chnrëh, bitord. 8ïo, loi M. ' 

EnaMOB ud LOWB THE PSALMB, WTTH IHTRODDOnOKS AND 

OBITIOAL NOTES. Bf A. a Jbwihgb, U.A. ; ualsted In pu1> by W. H. 
Lowï, K-A. In a vol». M Ed., MïiBBd. Cr. 8to. ICb. M. «ach. 

.—THE Mmos FBOFHST8. W«bortoniui LacttUH. By 



rOBNEM.— PENTATBUOH AND BOOK OF JOSHDA: An BiBbnlca-Crltliaa 
Inquii? <iito tba Orlglii ud Compocltiiu ot ths HauEiDcb. By A. Edduh. 
TiuHlited by P. H. Wickstub, ILA. Bto. MS. 

LniBTPOOT.— Woïki by ths Bigbt Bar. J. B. UannooT, D.D., lits BKbapof 



ST. FAni-S EPISTLES TO THB OOLOSeÎANS AND TO PHILBUON. 
BsTlMd l^it, wlth iDtrodoctloDa, Notai, ud Diaeertatloiis. 8tb Ed., nTlH 

THE AFOBTOLIO PATBBRa Pvt I. BT.OLBUENTOF ROUB. ABsvl* 
TBit, with lotrodoclloiiB, Kotes, DiBBSrtttlotia, ud TnnsUttoiiB. î toIs. Si 



THE APOSTOLIO FATHBRB. Abridged EdlHon. Wllh abort Introdactloiu, 
Oreek Teit, snd Enyllali Tnnul&tion. Sro. {In&e Prm. 

œSATS ON THE WORK BNTITLBD " BnpBRNATURAL BELIQION.'' 
(Repriat«d ftom the Cffutemporoiv Seirim.) 8to. IOb. 6d. 
KAOUAB.— Worka by th« Rsv. Q. F. Maclua, D.B., WudsD of BL AngiiBtiK'a 
GoUflgfl, ChntflTbary. 
IliBHBNTABT THEOLOOIOAL CLASS-BOOES. 

•A SHILLIKa BOOK OFOLDTBeTAHBNT BISTOBT. With ïlap. IBdm. 

'A SHILLmO BOOK OF NEW TEaTAHBKT HISTOBr. Witb Hup. ISna 

Th«n worka hare been canfnlly abridged from th« Aotbor"» largo manoala. 

■A OLASa-BOOE OP OLD TBSTAHBNT BISTOBT. Hapfc ISmo. te. M. 
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.<• leslsœeui 
AU INTRODUCTION TO THE TB 

B CATBCOiSM OF THB CHUROH OF BNQtAHD. 



•A MANUAL OF mBTRnoriON FOR COHFIRU ATION AND FIBST COX- 
KUMIOK. WITHPaAYEI<SAin>DEV0T10N& 92010. U. 
MADSICPB.— THE LORD'S FRAYER, THE OBBED, ABD THE GOUUAHD- 

MBNTa Ta which Ig addod tho Onier ot Uw 8crlptarta. ByRe», P. D 

Mioaici, H.A. ISino. 1b. 
THB FENTATEnOE ANS BOOK OF JOSEUA: Ad Hlatorlco-CritLul tnqnlry 

Into ttieOiigiDuidCcœipoBltioaortlieHeisteiicb. Bf A. Kukheh, ProféiBOi 

or Theolog; tt Lelden. TnDalaUd by F. H. Wickstied, U.A. Bvo. 14i. 
FBOCTEK.— A HISTORT OF THX BOOE OF COIUION FRATBR, vith i RaUon- 

ile of tts OiRcea. B; R«v. F. Feocteb. IBth Ed. Cr. Bvo. IDa. M. 
■FBOOTEB and MAOLBAB.— AN BLBUENTART IBTBODOCTION TO THE 

BOOK O" "■• ""■"'"- " ' --' -• ■ ■-- 

Uie Cammoiuon Ëervlca ud the CooUmutloa and BHptismïl Olâca 



.'■ Collège, Cambridge. : 



bridge. Or. BTo. (In prrfantitin. 

ampsON.— AN EPITOMB OF THB HISTORrOFTHB CHRISTIAN CHUECH 

DURINO THB FIRST THRBB CENTURIES. AND OF THB REPORUATION 

INENOLAND, BrRev. William SinnoH, M Jl. 7Ui Ed. Fup.gvo. Se.«d. 
et. JAMES' EPISTLE.— The Qre«k Text, vith iDtrodactioD ud NoUs. B; Rev. 

Joseph Uatob, U. A. , PioreisoT ot Uoral PhllosDpby la Eiog'B Collège, Loodon. 

8vo. [fn UW Pna. 

ET. JOHN'S EFISTLES.— Tbe Oieek Teit, nitli Notes uid Bmays. Br Rlgbt Rar. 

- _ ^. . -- ^^^ 2d Ed., revlaed. 8ïo. lîa. 6d. 

1 ROUANS. Edlted bj tlu 

THB TWO HPIBTLBS TO THb'cOBINTHIANS, A COMMÉntÂrYON. B» 

ttia laie Rey. W. K*t, D.D., Reolor of Great Legll^ Bsaei. Svq. 93. 
THB KFI8TLB TO THB GALATIANa Edlted by the Eight Bev. J. B. 

THE KPIBTLB TO THE PHILIFPIANS. Bj the RigM Rey. J, B. IdomrooT, 

D.D. OtliBd. Bvn, 12b. 
THB EPISTLE TO THB PHILIPPIANB, wiU TranBlation, Paiaphrue, ud 

NoleafOrEagliBliBeiider». Bj tbeVeryRey.a J. Viuoaui, D,D. Cr.Syo. 68. 
THB EPIBTLB TO THB C0LO3BIANB AND TO PHILEHON. By ttie Rlgbt 

Rev. J. B. LioHTrooT, B.D. Bth Ed. eyo. 12s. 
THE EPI8TLE9 TO THB EPHBSIANS, THE C0L03SIANS, AND FHILE- 

Blements in the Theology oC tliese E'pistles. By ReT. J. Lliwelth Daviu, 
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ras BPBTLB TO THE HBBBEW8.-I11 Qieek ind Kicllih. Vtth CriUetJ and 
bpUiutOT7 Notxa. Edlttd bf Rst. F. RDflUlx, M.A. Cr. Svo. Ss. 
THB BHSLISH tKZt, WITH OOHHBHTART. By tbe «uns Edltor. Cr. 

THE QREEK TXZT. WlUi NotB bf C J. Vimaui, D.D,, D«n of LUndaff. 
Or. Svo. Tl. M. 
B ORBItK TBXT. WA Not« ind Eiuya bj Blaliop VtmooTT, D.D. 



WSnOOn. — Woilu bj tlia Bicbt B«T. Bbooeb Fdsb WiSToan, D.D., Blihop ut 

Durbim. 
A OBHBRAL BITRVBT OP THB HISTORT OF THE CANON 09 TBB SEW 

TB8TAHBNT DUBINO THE FIRST FOUR CSNTURIES. BIh Ed. WUb 

PrstBoaon "Snpeni«tiii»lHellg(on." Gr, 8tq. lOa. 8d. 
INTRODUCTION TO THB aTDDY OF THB FOUR OOSFEU. Tth Bd. 

Or. s™ IOb. 6 d. 
THB BIBU IN THK CHUROH. A PopnliT Acconnt Dt tlie CoUectlOD and 

ReceptioD of Hie Holj Scriptona io tlie Gbriitiui Gharchts. ISmo. 4b. 6d. 
THE EPIBTLE8 OF ST. JOHN. Ths OrMk Tsib wlth Noteg ind BasTi. 

Sd Ed., nrinid. Sto. Iîl 6d. 
TBBBPIBTLBTOTHBHBBRBWS. Ths Gresk Tmt, vltb Nota mnd Bwtïl. 

BOMB THOCGHTS PROU THB OBDINAIi. Ct. evo. U. M. 
WB8T00TT and HORT THB NEW TBSTAHEHT IN THB ORIGINAL 

QRBEK. Tbs Tsit, niissd b; Ue RlgU Hsr. Bishop Wbttott ud Dr. 

P. J. A. HoM. 3 Tols. Ct, 8ïo. lOt fld. nch. Vol L Tsrt Vol. IL 

IntroducUon uid AppsLdlx. 
8GH00L EDITION OF TEZT. ItDUi. M.Sil. ; Rosn, nd sdgc^ Sa. 6d. IBmo. 

Honcoo, gdt edgH, ta. M. 



WBOIHI.— THE COMPOSITION OF THE FOUR OOSPEIfi. A CriUcal En 

qolrv. B; BcT. Abthdb VeiaHT., H.A.,FeUowuidTDtOTotqueea'a Colle», 

Cambridge. Or. Svo. fis. 
WEIGHT.— THE BIBLE WOBD-BOOK: A Ola«i7 ol Aichain Vords ud 

Fhrues in the Anttaorised Version of the Blbls ud tha Book of ConmiiiD 

PrBFM. By W. Aldh Wkhiht, ILA., Vice-lJMttr of Trinilï CoUege, Ctan- 

bridgs. 2d Ed., rsTised ind «nlârged. Or. Sio. 7i. td. 
■TONGE.— SOHIFTUBB RB4DIHGS POB S0B00L9 AND FAMUJES. Bi 

OautLOTT» M. ToKo», In PItb Voli. Et foip. Sto. la M. each. Wilt 

Commenta. 3s. fid. esch. 
Fitat Sebus. — Oehisis 70 HmmsDJiBin. Secoko Bnum.— Fbok Josmu lO 



HBBBBW AND LXX. Wlth Eioarsus on Syllable-dlviding, Uethcg, 

Dimh, snd Sïnuin Rsphah. Bj V, H. Lom, H.A., Hs^ir Laotonr it 
Ohiltf ■ Oonego, Oamlxldge. gvo. Ida. Sd. 



Primttti ij' R. i R. CuiK, EdiHiHi^ 
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Tbe Tinus says : ' ' Both anists and writeis ba,ve donc ibeir best to 
give it a high place in fjiglish pmodical Uleratuie. and the resuit is a 
magaiine lehick kas ta rival lit England." 

The Guardtaa desciibei it as : " Full of good malter botb in the way 
of writiog and dniwing. ... A ca[dtal magazine for ail labiés and ail 



^kt (EnsliBlr lUttstratfiEr ^agsîim, 1884. 

A Handsomt Volume, ofj^ P<^h "»''* 4*8 lUustratUns, prie» "Js. 6rf. 

The Volume contakis a Complète Séries of Descriptive Sketchês hy 

the Author of "John Halifax, Gentleman," with Illustrations by 
C Napier Hemï ; a Complète Hislorical Novel by Charlotte M. 
YoNCE ; and mimerous Short Stories and Essays on Fopular Sul^ects 
bj well-known Wtiters. 

ffïre <Ett0lislT lUaatrateïi 0ia%a^m, 1885. 



TheVolumect . ___ „ , 

by HuGH CoNWAY, Author of "Called Back," and also Completi. 
Stories and Essayi 1^ Bret Habte, the Author of "John Herrmg," 
Archibald Forbes, J. Hebrv Shortmouse, Henry Irving, 
Mrs. OtiPHANT, and others, besides oumerous interesling miscellaneous 
Articles by tbe First Authors of the Day. 

fflÏTÉ OEnelisIj lUnstratJÎi Jltagaîine, 1886. 

A Handsomt Volume, of%ii pages, cantaining luarly ^oo Illuitra- 

tions, priée 8j. 
Among Ihe Chief Contributors to the Volume are the following ;— 
The Author or "John Hali&x, Clementina Black. 

Mrs. MOLESWORTH. 
WlLKlC COLLINS, 

Mrs. Oliphant. 
Katharine s. Macquoid. 
Rev. Canon Ainger, Alfred T. Watson. H. Sutherland Ed- 
wards. Dr. MORELL MACKENZIE, A C. SWINBURNE, HeNKY W 

LucT, Edmund Gosse, The Right Reï. The Bishop of Ripon, Ran- 
L. Alma-Tadema, and " Days with Sir 



D. Chhistie Mubbay. 
Map CAR ET Vêle Y. 
W. E. Norris. 
Grakt Allen. 



MACMILLAN AND CO., LONDON. 
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Sljt (Englùli lUnsttitttii Itogafiiu, 1887. 

A Handsomi Veltimt, of%yt pages, and cùitlatning nearly ^oo/l/us- 

The Votnme contains the followîng Complète Stories and Sériais : — 
Hirato'lCmolfix. ByF. MakiohCkawford. A Secret Inberitance. 

By B. L. FAEjaoB. Jaoquett». By iheAuihorot" JohnHcmns;." Qerald. 

By Stanley 1. WsrHAH. Au Duknown Country. B ■ ' ■ '■■ - ■ 

Hsli^, GendenuD." Wiih IlIususuioDS by F. Nobl Faton 

By J. S. WlHTBB. UiflB FalUand. ByCLBHBHTINA 6 



. A Siège Baby. 



Slje œnjlial) iUaahraltil JRajiîte, 1888. 

A HaitdsBtnt Vehimt, Bf%z^pp., witk tuarly^oa Ilhatratùms, price 8s. 
Among the chief Contents of the Volume are the followîng Complète 



Stories and Serais 
ComUhk Dftya uul Coaching 
Wïys. îy W. O. Tristham. WLih 
Illiutiatioiu by H. Railtoh and 

HuohThousdh. lof'Mehaliit." 

TheStoiyof Jut BytheAuthoi 
LU; A Uverpool CU1<L By 

AsHas C. MUTLAND. 

The Patanmla. By Hbnrv 

JA«B. IWlïUAK. 

FuuUy Portraita. By S. J. 



The médiation of Salph Harde- 

IM. By Prof. W. MiNTO. 

That Oiri in Black. Sy Mrs. 

MOLESWOKTH. 

Glimiwea of Old EiwllBh Homes. 

By Eliiabhth Balch. 
Pagodas, Aniioles, and tTnLbr«l- 

las. By C. F. Gosuoh Cuhmihg. 

Tbe HtagiB Fan. By John 



tlie (EtiflUs^ ÏUusfraUîr gissaîint, 1889. 

A Nandsomt Volumt, of<fXipp., witk tiearly yaUlustratùmsiprice &s. 
Among the chief Contents of the Volume ue tbe following Complète 
Stories and Sériais :— 



Sant' nario. By F. Marion 
Tbe Honae of the Wolf. By 
Olimpaes of Old y"i;'t«'' HomeB. 
One Hl£ht — ^a Better HaiL 



How the " Crajtnie" g^ ou tbe < 

Sirength. And olber Sketcba. By 

Archibald Forbes. 
La Belle Américaine. By W. E. 

NoRRis. IMacquoid. 

Sncoess. By Katharinb 5. 
Jenny Earlowe. By W. Clark 

RUSSKU. 



fSkt (Rnjlislj lUustrateîi ffits%v.\ïm, 1890. 

A Handsomi Volurnt, ofgoopp., witi marfy S5° lUustralùms, frice Bs. 
AmoQg tbe chief Contents of the Volume are the following Complète 

Stories and Sériais ; — 
The Bine ofAmaeiB. By ih " 

or,HieI.andofr.ivingM8n. _, 

Mare. By W. E. NoRRii. My Joumey tt . 

A Glimpoe of Higholere Oftstle— A Glimpae of Oatorley Park. By 
Ei-iîABETH Balch. Por the Cauae. By Stahlby J. Wbyhan. Moriged. 
By ihe Marchioness o( Casmarthe». Overland troia India. By Sir 
Donald Mackknzie Wallack, K.CI,E. ThH DoU'B House and Aitei. 
By Walter Bbsant. La Mulette, Anno 1B14. By W. Clark Rusmll. 
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